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Abstract 
 
Synthesis, characterization and properties of hybrid organic-
inorganic perovskites for photovoltaic applications  
 
Shijing Sun 
 
The hybrid organic-inorganic perovskites (HOIPs), e.g. methylammonium and 
formamidinium lead halide (MA/FAPbX3, X = I, Br or Cl), are a class of materials that 
has recently achieved remarkable performances in photovoltaic applications. This thesis 
describes the synthesis, structure and properties of this class of perovskites, with 
particular focus on their crystal chemistry, mechanical responses and structural diversity.  
 
Understanding the unique crystal chemistry of HOIPs is crucial for device design. While 
MA-based perovskites have been widely studied, there are still many open questions on 
the crystal chemistry of FA-based perovskites. In this work, FAPbX3 (X= Br or I) was 
shown to undergo a cubic ( 𝑃𝑚3̅𝑚 ) to tetragonal (𝑃4/𝑚𝑏𝑚)  transition on cooling. 
Studies on the high-pressure crystallography of FAPbI3 exhibited a similar trend and 
further illustrated band gap tuning via external stimuli. In addition, the cubic lattice of 
FAPbBr3 was found to be more strained than its MA counterpart. The observed intrinsic 
strain was modelled with anisotropic line broadening and <100> was found to be the least 
strained direction.   
 
To explore potential applications in flexible devices, crystals of single (Pb-based) and 
double (Bi-based) perovskites were probed by nanoindentation and their mechanical 
properties, such as Young’s moduli (E) (10 – 20 GPa) and hardnesses (H) (0.2 -0.5 GPa), 
were determined. The mechanical responses of MA- and FA-based hybrid perovskites 
correlated well with the chemical and structural variations in these analogues, showing a 
general trend of ECl > EBr > EI  and EPb >EBi. 
 
By analogy with classical inorganic perovskites, the hybrid phases can crystallise in both 
three-dimensional (3D) and low dimensional perovskite-like forms. To improve the 
stability and remove the toxicity in the current prototypical hybrid perovskites, 
compositional engineering was applied, focusing on non-toxic bismuth (Bi) as a viable 
alternative to lead (Pb) in future photovoltaic materials. We report a new layered 
perovskite, (NH4)3Bi2I9, which exhibits a band gap of 2.0 eV, comparable to MAPbBr3 
and FAPbBr3. This work contributes to the materials design goal of more stable and eco-
friendly perovskite devices. 
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    The hybrid organic-inorganic perovskites (HOIPs), e.g. methylammonium and 
formamidinium lead halide (MA/FAPbX3, X = I, Br or Cl), are a class of materials that 
has recently achieved remarkable performances in photovoltaic applications. This thesis 
describes the synthesis, structure and properties of this class of perovskites, with 
particular focus on their crystal chemistry, mechanical responses and structural diversity.  
    Understanding the unique crystal chemistry of HOIPs is crucial for device design. 
While MA-based perovskites have been widely studied, there are still many open 
questions on the crystal chemistry of FA-based perovskites. In this work, FAPbX3 (X= 
Br or I) was shown to undergo a cubic (𝑃𝑚3̅𝑚) to tetragonal (𝑃4/𝑚𝑏𝑚) transition on 
cooling. Studies on the high-pressure crystallography of FAPbI3 exhibited a similar trend 
and further illustrated band gap tuning via external stimuli. In addition, the cubic lattice 
of FAPbBr3 was found to be more strained than its MA counterpart. The observed 
intrinsic strain was modelled with anisotropic line broadening and <100> was found to 
be the least strained direction.   
     To explore potential applications in flexible devices, crystals of single (Pb-based) and 
double (Bi-based) perovskites were probed by nanoindentation and their mechanical 
properties, such as Young’s moduli (E) (10 – 20 GPa) and hardnesses (H) (0.2 -0.5 GPa), 
were determined. The mechanical responses of MA- and FA-based hybrid perovskites 
correlated well with the chemical and structural variations in these analogues, showing a 
general trend of ECl > EBr > EI  and EPb >EBi. 
    By analogy with classical inorganic perovskites, the hybrid phases can crystallise in 
both three-dimensional (3D) and low dimensional perovskite-like forms. To improve the 
stability and remove the toxicity in the current prototypical hybrid perovskites, 
compositional engineering was applied, focusing on non-toxic bismuth (Bi) as a viable 
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alternative to lead (Pb) in future photovoltaic materials. We report a new layered 
perovskite, (NH4)3Bi2I9, which exhibits a band gap of 2.0 eV, comparable to MAPbBr3 
and FAPbBr3. This work contributes to the materials design goal of more stable and eco-
friendly perovskite devices. 
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Aim of the research and organisation of this thesis 
Renewable energy sources have attracted increasing attention in recent years due to 
growing global energy demands as well as environmental considerations. Research and 
development into promising new materials and devices that improve the use of renewable 
energy, for example solar cells and eco-friendly light emitting diodes, have been under 
the spotlight in both academia and industry. Among these initiatives, a relatively young 
class of organic-inorganic materials, namely hybrid organic-inorganic perovskites 
(HOIPs), has recently achieved remarkable success in photovoltaic devices. In particular, 
the efficiencies of solar cells using prototypical lead hybrid perovskites, for example, 
methylammonium lead iodide (MAPbI3), have soared from less than 4% in 2009
1 to over 
22% by the start of 2017.2  
 
However, despite the intensive research efforts in this area, the commercialization of 
hybrid perovskite solar cells faces two major challenges: the stability of the halide HOIPs 
and the toxicity of lead. This research addresses the structural, chemical and mechanical 
stability of the known perovskites, as well as to exploring the structural diversity of 
HOIPs and alternatives to the prototypical MAPbI3. 
 
The thesis comprises seven chapters. The research background is given in the introductory 
Chapter 1, followed by experimental methods in Chapter 2. Chapter 3 and 4 are devoted 
to studies of a family of 3D hybrid halide perovskites, formamidinium (FA) lead halides. 
The crystal chemistry of FAPbI3 and FAPbBr3 under external stimuli such as temperature 
and pressure is described in Chapter 3 and the intrinsic strain in FAPbBr3 is modelled in 
Chapter 4. In Chapter 5, the mechanical properties of the MA- and FA-based perovskites 
and double perovskites are discussed in detail. Hybrid perovskite-related architectures are 
explored in Chapter 6, focusing on employing Bi as an alternative to Pb in photovoltaic 
applications. General conclusions and the future outlook for the field are outlined in 
Chapter 7. Finally, references and appendix are listed at the end of the thesis as 
supplementary information. 
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Chapter 1 Introduction 
 
This chapter outlines the research background of this thesis. There is currently a lot of 
attention drawn to halide HOIP materials, which have recently revolutionized the area of 
new generation solar cells. The development of HOIPs and perovskite materials for 
photovoltaic applications are first reviewed, and the recent interest in materials chemistry 
as well as the structure-property relationships of the HOIPs are then discussed.  
 
 
 
 
 Chapter 1: Introduction 
     
1.1 Overview of HOIPs 
1.1.1 A brief history of hybrid perovskites 
Following his discovery of CaTiO3 in 1839, German mineralogist Gustav Rose named 
this mineral after the Russian mineralogist and aristocrat Count Lev Perovski. Today the 
word perovskite is a general term to describe crystals strucutral analogues of CaTiO3.
3 
Perovskite structures have the general chemical formula of ABX3, where an A site cation 
sits in the cavity of BX6 octahedron, as shown in Figure 1-1 (a). In addition to the three-
dimensional (3D) perovskites, this family of materials also includes low dimensional 
perovskites (blocks of 3D perovskite structure separated by additional motifs, e.g. 
An+1BnX3n+1)
4 and double perovskites (e.g. A2B
IBIIIX6).
5 Materials with perovskite or 
perovskite-like structures have played a central role in the development of condensed 
matter physics and materials chemistry over the last few decades.6,7 Among those, the 
development of inorganic perovskite oxides (ABO3) has been particularly significant for 
a wide range of applications such as ferroelectrics, high-temperature superconductors, 
and giant magnetoresistance devices.8 
 
Traditionally, the field of materials chemistry has been divided into organic and inorganic 
systems. However, in the last few decades, a new class of materials, often referred to as 
hybrid organic-inorganic frameworks, has attracted considerable attention since their 
enormous structural and chemical diversity leads to potential technological applications 
beyond either purely organic or inorganic systems.9,10 HOIPs are a subclass of the 
perovskite family, in which at least one of sites is replaced by organic cations or organic 
linkers. An example of a halide HOIP is methylammonium lead iodide (MAPbI3), where 
the A-site cavity is filled by the organic amine (Figure 1-1 (b)). HOIPs can also have a 
diverse range of linkers on the X-site, including halides, azides, formates, dicyanamides, 
cyanides and dicyanometallates.11 As shown in Figure 1-1 (c), metal formates 
AB(HCOO)3 (A = protonated amine, B = divalent metal) exhibit multiferroic behaviour
12 
and tuneable mechanical properties.13 
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Figure 1-1 Evolution from perovskite oxides to HOIPs with organic A-site, then to HOIPs with 
both organic A- and X-sites. Reproduced from Cheetham et al. 11 
 
Research in HOIPs has recently attracted a lot of attention in both materials science and 
the renewable energy community, due to the intriguing properties of the hybrid halide 
perovskites, especially MAPbI3, for photovoltaic applications. Hybrid halide perovskites 
and related structures are a subclass of the HOIPs where the A site is occupied by an 
ammonium cation, the B site contains a divalent Group IV metal, and the X site contains 
a halogen anion. The cubic perovskite structure of  MAPbX3 (MA = methylammonium 
and X = I, Br, Cl) was firstly reported by Weber in 1978.14 However, studies of these 
materials for optoelectronic devices did not start until the 1990s. Pioneered by Mitzi et 
al. at IBM,4,15 a range of semiconducting perovskite-like materials with remarkable 
structural versatility was developed for optoelectronic applications, such as in light-
emitting diodes (LEDs) and transistors.16,17 The exceptional utility of hybrid halide 
perovskites for photovoltaic applications, on the other hand, only started in 2009, when a 
photoelectrochemical cell incorporating a layer of MAPbI3 as a visible light sensitiser 
was reported by Miyasaka et al.1 The initial power conversion efficiencies were 3.1% and 
3.8% with MAPbBr3 and MAPbI3 respectively.  
(a) 
(b) 
(c) 
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1.1.2 Recent emergence of perovskite solar cells 
With minimum detrimental impact on the environment, solar energy is arguably the most 
abundant clean energy source and has been promoted as a reliable alternative to fossil 
fuels in the context of future sustainable economic growth.18 For the past 40 years, the 
solar cell industry has been dominated by silicon based solar cells due to their high 
efficiency and low costs.  New generation solar cells have also been developed based on 
CdTe and CIGS (CuIn1–xGaxSe), as well as organic dyes 
18 The rapid increase in 
perovskite cell efficiency in recent years is illustrated in Figure 1-2.   
 
Figure 1-2 (a) Electrical power conversion efficiency of the best cells at the time. OPV: organic 
photovoltaics; DSSC: dye-sensitized solar cell; a-Si: amorphous Si solar cell. Reproduced from 
Cahen et al.19 (b) Illustration of a general perovskite solar cell (left) and vacuum energy levels (in 
eV) for corresponding materials (right). Reproduced from Snaith et al.20 
 
Despite the low initial conversion efficiency when hybrid perovskites first re-entered into 
the literature as visible-light sensitizers for photovoltaic devices in 2009,1 rapid progress 
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has been made following the development of solid-state perovskite devices.21,22 By the 
end of 2013, around the time when the research described in this thesis began, the power 
efficiency of perovskite solar cells had already reached over 16%.2 Due to advances in 
materials processing and improved device architectures, perovskite solar cells have now 
(2017) achieved a certified laboratory efficiency of 22.1% in just over 7 years of 
research.2 This number has exceeded the conversion efficiencies of organic and dye 
sensitised solar cells (around 10%), and it is approaching that of crystalline silicon 
(around 25%). According to the theory of Shockley−Queisser limit, the maximum 
theoretical solar conversion efficiency is around 33.7% for a solar cell using a single p-n 
junction with an optimal band gap of 1.34 eV.23 
 
The halide perovskites have been used as a light absorber and as an electron and hole 
transporter in solar cells.24 Mesoporous TiO2-based solar cells, where the perovskites 
were used as light sensitizersm were firstly introduced. A breakthrough was soon 
achieved by applying meso-superstructured solar cells based on metal oxides, were Al2O3 
and TiO2 were merely as a scaffold layer for the halide perovskite.
21,25 Shortly after, 
planar heterojunction-structured perovskite solar cells were also developed, which took 
into account of the bifunctional property (light harvesting and charge transporting) of 
perovskites and avoided using the mesoporous oxides. The structural progresses of 
perovskite solar cells are shown in Figure 1-3.26  
 
 
Figure 1-3 Structural progress of perovskite-based solid-state solar cells from a perovskite dot 
deposited on TiO2 with an efficiency of 9.7% to a planar p-n junction with efficiency of 15.4%, 
via the meso-superstuructured scaffold. Reproduced from Park et al.26 
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The extraordinary performance of this family of hybrid perovskites has been attributed to 
their large absorption coefficients, direct bandgaps, long-range electron-hole transport 
lengths, and high charge carrier mobilities.21,27,28 The prototypical hybrid halide 
perovskites, especially MAPbI3, have opened up a new route to achieve low cost, low 
temperature and solution processable photovoltaic devices.29,30 Therefore, much current 
research is focused on the controlled tuning of materials composition, film morphology 
and device design, in order to understand the mechanism of charge transport as well as 
further enhance the conversion efficiencies of the perovskite solar cells and develop 
perovskite optoelectronic devices.21,27,28,31–39 Furthermore, single crystals have attracted 
increasing attention due to their high diffusion lengths compared with polycrystalline thin 
films, which is critical for achieving high PV efficiencies.40,41 In addition, these HOIPs 
have also shown potential in areas such as light emitting diodes, field effect transistors, 
ultra-lasers, photodetectors, and solar thermoelectric applications.34,36,42–45 
 
Figure 1-4 Photoluminescence of FAPbBr3 and MAPbBr3 single crystals. Reproduced from Bakr 
et al.46 
 
While initial attempts used MAPbX3 (X = I, Br or Cl), formamidium-based perovskites, 
FAPbX3 (FA = CH(NH2)2
+), have become a focus of attention due to their superior 
transport properties,47 improved thermal stability at high temperatures,29 and more 
optimal bandgaps.48 Alloys of FA/MA have been shown to combine high efficiency and 
stability.49–52 Bakr et al. observed long carrier dynamics in FA-based perovskites, with 
carrier diffusion lengths measured to be 6.6 μm for FAPbI3 and 19.0 μm for 
FAPbBr3 crystals. Figure 1-4 shows that the FAPbBr3 crystals displayed a 5-fold longer 
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carrier lifetime and 10-fold lower dark carrier concentration than those of 
MAPbBr3 single crystals. 
 
1.2 The APbX3 perovskites  
1.2.1 Synthesis and phase stability 
Most current studies on halide HOIPs for photovoltaic applications focus on lead halide 
perovskites, which achieved the record-breaking conversion efficiencies of perovskite 
solar cells. Following the solution method developed by Poglitsch and Weber in 1987,53  
the overall synthesis for lead halide perovskites involves two steps: a) the preparation of 
amine halide and then b) the synthesis of  perovskites. For example, a typical synthesis 
route for thin film MAPbI3 is to dissolve the mixture of MAI and PbI2 in γ-butyrolactone 
or anhydrous N,N-dimethylformamide (DMF) and thin films are produced by spin 
coating with annealing.24,30 Although thin films are beneficial for device fabrications, 
single crystals are desirable for the study and analysis of the material itself.47,54 For crystal 
and bulk powder samples, solid MAI is commonly prepared by mixing excess 
methylamine solution (in methanol or ethanol) with hydriodic acid aqueous solution (HI) 
and then removing the solvent.24 A typical synthesis for MAPbI3 crystals involves heating 
MAI and PbI2 or Pb(CH3COO)2 in HI solution or organic solvent (e.g. anhydrous 
ethanol55) up to 120 oC and black crystals can be harvested upon cooling.54,56,57 Large 
single crystals of MAPbI3 with sizes up to 2 mm in length have been reported by White 
et al. as seen in Figure 1-5. The crystal exhibited a tetragonal structure at room 
temperature with space group of 𝐼4/𝑚𝑐𝑚. An orthorhombic to tetragonal transition has 
been observed at 161.4 K, and a tetragonal to cubic transition at 330.4 K. 
Figure 1-5 Example images of the MAPbI3 single crystals grown using the method described by 
Poglitsch and Weber. Reproduced from White et al.56 
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Figure 1-6 shows a representative APbX3 perovskite structure.
58,59 It is built upon corner-
sharing PbX6 octahedra, which are emphasized by pink shaded polyhedra, and A cations 
filling the 12-fold coordination site formed in the middle of the cube of eight octahedra. 
The aristotype perovskite architecture adopts the cubic space group 𝑃𝑚3̅𝑚. For hybrid 
halide perovskites, this means that the organic cations on the A-site, in this case MA or 
FA, are fully disordered to reflect the symmetry.  
 
Figure 1-6 Distorted perovskite crystal structures with low temperature orthorhombic symmetry. 
For the perovskites of photovoltaic interest, A = Cs, MA or FA; B = Pb, and X = Br, I. Reproduced 
from Green et al.59 
 
Under external stimuli, such as low temperature or high pressure, successive phase 
transitions with distorted perovskite structures have been observed.60,61 The complex 
symmetry lowering in these phase transitions is commonly described using octahedral tilt 
notation.62–64 The octahedral tilts in hybrid halide perovskites are similar to those in found 
in purely inorganic perovskites, for example, in caesium lead halide perovskites.65,66 
However, the anisotropy of the amine cation allows extra phase transitions resulting from 
the order–disorder transition of the cations, as seen by neutron diffraction.67 In contrast 
to their inorganic counterparts, the MA and FA cations in HOIPs also interact with the 
framework through hydrogen bonding, which further affects their phase transitions, 
octahedral tilting and disorder.68 As shown in Figure 1-6, distorted perovskite structures 
with an orthorhombic tilt pattern (a−b+a− in Glazer notation) show B-X-B angles deviating 
from 180°. These structural distortions modify the perovskites’ physical properties such 
as band gaps, mechanical responses, and possible ferroic responses.69–72 
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In addition to phase transitions due to octahedral tilting, the existence of non-perovskite 
polymorphs of the same composition also contributes to the phase instability of some 
common hybrid perovskite structures. For example, the structural instability of the black 
polymorph of FAPbI3 has been a major concern in its device applications because the 
perovskite crystals transform into its yellow polymorph after in air for a few days. The 
perovskite-type polymorph of FAPbI3 is metastable at room temperature. The yellow 
polymorph consists of chains of face sharing octahedra along the <001> direction with 
FA cations sitting between the inorganic chains. This low dimensional perovskite-like 
phase is the thermodynamically stable phase under ambient conditions, with electronic 
properties that are less favourable for photovoltaic applications.66,73,74 
 
1.2.2 Optical properties 
Hybrid halide perovskites of MA and FAPbX3 show superior semiconducting properties 
with direct bandgaps, which means that the momentum of electrons and holes is the same 
in the conduction and valence bands and therefore, an electron can directly emit a 
photon.75 The band gaps of this class of hybrid perovskites range from 1.48 eV 
(FAPbI3),
76 1.55 eV (MAPbI3),
77 2.23 eV (FAPbBr3),
29 2.35 eV (MAPbBr3),
77 to over 3 
eV (MAPbCl3).
78 The iodide perovskites’ band gaps are close to the optimal value of 1.1–
1.5 eV for single-junction photovoltaic devices (Shockley−Queisser limit).79 The 
bandgaps of the hybrid halide perovskites are predominantly determined by the inorganic 
framework due to the strong contribution of the halide p orbitals to the optical transition. 
Considering the effect of the A-site cations, on the other hand, the 2p orbitals of carbon 
and nitrogen as well as the hydrogen 1s orbitals do not contribute significantly to the 
density of states near the Fermi level. However, the steric effect of the A-site cations can 
cause lattice expansion and hence leads to different B-X bond lengths and bond angles, 
indirectly varying the band gap.50 The bandgaps of the halide HOIPs can be tuned by 
compositional engineering (see Chapter 1.3) and external stimuli. For example, Figure 
1-7 shows the change in bandgaps of MAPbI3 and MAPbBr3 with temperature. The sharp 
absorption edges indicate direct band gaps. 
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Figure 1-7 Absorbance measurements of (a) MAPbBr3 and (b) MAPbI3 over a wide temperature 
range. Reproduced from Green et al.59 
 
1.2.3 Challenges in the application of hybrid perovskites 
To date, the majority of hybrid perovskites investigated for optoelectronic applications 
have been based on lead halides. There are two main challenges faced by researchers in 
the commercialising of hybrid perovskites:  
 
1) The most popular compositions of hybrid lead halide perovskites lack chemical 
stability. For instance, MAPbI3 is moisture and temperature sensitive.
56 
2) The toxic lead content in perovskite devices raises environmental concerns and is 
problematic for their widescale deployment.80  
 
In order to overcome these limitations, there has been increasing research on improving 
stability via compositional engineering such as alloying, 74,81,82 and searching for lead-
free perovskites for photovoltaic applications.83–85 These two aspects are reviewed in the 
next section. 
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1.3 Compositional engineering  
1.3.1 Substitutions and solid solutions 
Structural flexibility in hybrid halide perovskites allows desired properties to be targeted 
by compositional variation. The aim of the compositional engineering of HOIPs is to tune 
the materials’ properties and to improve their stability. For example, band gap 
engineering could be achieved by exploring alternative ions on A, B or X-sites as well as 
introducing solid solutions.  
 
To date, there are only a few 3D hybrid perovskite systems showing outstanding 
semiconducting properties that can be used in photovoltaic devices. Combinations of the 
following compositions have been reported in perovskite based solar cells since 2009: 
A - Site: MA or FA 
B - Site: Pb2+, Sn2+ or Ge2+ 
X - Site: Cl-, Br- or I- 
These compositions exhibit orthorhombic, trigonal, tetragonal or cubic symmetry at room 
temperature and show a range of potential optoelectronic applications in photovoltaics, 
laser physics, light-emitting diodes, and deformable displays. Note that inorganic halide 
perovskites, for instance the caesium based systems, are also being studied extensively.86–
90 CsPbI3 undergoes a reconstructive phase transition from a 1-D PbI6 edge-sharing 
structure to a 3-D perovskite between 560 and 600 K.65,91 The ionic radii of monovalent 
cations follow the trend Cs  < MA < FA. It has also been experimentally shown that the 
bandgap has the reverse trend.66,79 Furthermore, the band gap follows the trend of AGeI3 
< ASnI3 < APbI3, because the angle of X-M-X increasingly diverges from 180° as we go 
down the periodic table, in addition to the decrease in covalent character of the M-I 
bonds.79  
 
The majority of studies on 3D perovskites are based on Pb and Sn, with a few reports on 
Ge.79 However, the preferred oxidation states of Sn4+ and Ge4+ reduce the stability of the 
divalent state in these structures in air. A recent report on a Sn based solar cell achieved 
an efficiency of 6.8%, which is poorer than the performance of Pb perovskite solar cells.83 
The band gaps of halide perovskites have been observed to have the trend AMI3  < AMBr3 
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< AMCl3.
57 This is due to the increase in covalent character of anions as we move 
downwards on the periodic table (the trend is reversed for cations). On the other hand, 
research on mixed halide perovskites showed that the bandgaps of the solid solutions of 
Br- and I-based perovskites covered almost the entire visible spectrum.92  
 
Interestingly, devices made from mixed halide solid solutions MAPbI3-xBrx. showed that 
low Br content ( <10%) gave the best initial efficiency whereas higher Br content ( >20%) 
gave the best stability.58,77 With the moisture sensitivity of these cells starting to be widely 
recognized as a serious problem, compositional engineering also aims to improve their 
structural stability. Mixed cation and dual site alloying have been recently reported as an 
efficient way to improve the stability perovskite phase of FAPbI3 by, for example, stress 
relaxation,.73,93 The thermal and structural stability of the perovskite modification was 
recently improved using a solid-solution approach, for example, perovskite solar cells 
incorporating FAPbI3 in the absorber layer ((FAPbI3)0.85(MAPbBr3)0.15) have achieved a 
certified power conversion efficiency of 20.1%.76 
 
1.3.2 Double perovskites  
In the search for alternatives to MAPbI3, lead-free double perovskites have recently been 
shown to be a promising approach. As shown in Figure 1-8, in such structures the 
perovskite formula is essentially doubled and each pair of divalent metal cations, e.g. Pb2+ 
cations,is replaced by a combination of one monovalent and one trivalent cation. The 
inorganic analogues of double perovskites have been well known as elpasolites since the 
70s, where structures with the formula of A2B
IBIIIX6 (A and B
I = Li, Na, K, Rb, Cs, Tl, 
Ag, etc.; BIII = Al, Bi, Fe, Ga, Ln, etc.; and X = F, Cl, Br, or CN) were reported. 94,95  In 
2016, Cs2AgBiX6 (X = Cl or Br) was firstly reported in the context of an alternative to 
the lead perovskites for photovoltaic applications.96–98 The Cs-based double perovskites 
crystallize in cubic 𝐹𝑚3̅𝑚 symmetry at room temperature and show light absorption in 
the visible range of the spectrum. In the meantime, efforts to search for hybrid double 
perovskites were also underway. We recently reported (MA)2KBiCl6 (band gap of 3.0 
eV)99, (MA)2AgBiBr6 (band gap of 2.02 eV)
100 and (MA)2TlBiBr6  (direct band gap of 
2.16 eV)101 with remarkable structural, thermal and mechanical stabilities comparable to 
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their single perovskite counterparts. The crystal structure of (MA)2AgBiBr6 is illustrated 
in Figure 1-8. 
Figure 1-8 (a) Crystal structure of (MA)2AgBiBr6 with space group 𝐹𝑚3̅𝑚 at room temperature. 
Purple and yellow octahedra represent BiBr6 and AgBr6, respectively. (b) MA cation shown after 
rotation by 5° clockwise along the c axis for better illustration. Partial occupancies were applied 
to show the disorder of the MA cations. Reproduced from Cheetham et al.100 
 
1.3.3 Perovskite-related architectures 
To form a 3D perovskite structure, the size of the organic cation at A site is limited by 
the size of the 3D cavity into which it must fit. In 1926, V.M. Goldschmidt introduced 
the concept of a tolerance factor (t), to evaluate the ionic size mismatches a 3D perovskite 
structure can tolerates until a different structure type is preferentially formed:102 
𝑡 = (𝑟𝐴 + 𝑟𝑋) √2(𝑟𝐵 + 𝑟𝑋)⁄  
where 𝑟𝐴, 𝑟𝐵, and 𝑟𝑋 are the effective ionic radii for the ions in the A, B, and X-sites, 
respectively.  
 
The tolerance factor has been widely used as a guiding rule to explore the structures of 
oxide perovskites. For values of t close to 1, mostly cubic perovskites are found, whereas 
values of 0.80 – 0.89 predominantly lead to distorted structures which can be further 
classified using Glazer’s concept of octahedral tilting.62 Below ~0.80 other structure types 
such as the ilmenite-type (FeTiO3) are more stable due to the similar sizes of the cations 
A and B. Values of t larger than 1 commonly lead to low dimensional architectures. For 
instance, hexagonal layered structures have been observed in oxide perovskites.103  In the 
case of halide perovskites, using t = 1 as the upper limit and considering the size of cations 
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in iodoplumbates (RPb = 1.19, RI = 2.20 Å), it is shown that only small organic cations, 
that have sizes smaller than ~2.6 Å (i.e. those consisting of three or less C–C or C–N 
bonds) are expected to form 3D perovskite frameworks.15 If larger cations are used 
instead, lower dimensional perovskite-like structures such as 2D layered, 1D chain or 0D 
molecular forms are obtained. As shown in Figure 1-9, 3D perovskites can tranform into 
layered perovskite-like structures along different crystallographic directions, leading to 
different stoichiometries.104 For example, iodostannates with the general formulas of 
(C4H9NH3)2 (CH3NH3)n-1SnnI3n+1 (n=1-5)
4 and [NH2C(I) =NH2]2(CH3NH3)n-1Snnl3m+2 (m 
= 2 to 4)16 possess stepwise increases in conductivity with increasing n and m, up to the 
fully 3-D framework of CH3NH3SnI3 which has the highest conductivity.  
 
 
Figure 1-9 Schematic illustration of the lower dimensional HOIPs (lower sections) arising from 
different cuts of the 3D perovskite structure (top sections). (a) Cuts along the <100> direction of 
the 3D perovskites forming the family of ⟨100⟩-oriented layered perovskites with a general 
formula of (RNH3)2An–1BnX3n+1. (b) Cuts along the ⟨110⟩ direction forming the ⟨110⟩-oriented 
family, A′2AmBmX3m+2, which includes 1-D chain (m = 1) and 2-D layered (m > 1) members. (c) 
Cuts along the <111> direction forming the ⟨111⟩-oriented family, A′2Aq-1BqX3q+3, featuring the 0-
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D isolated cluster (q = 1) and 2-D layered (q > 1) members. In each low dimensional structure, 
the perovskite blocks are separated by a layer of organic cations. Reproduced from Mitzi et al.104 
 
In the context of the recent emergence of hybrid perovskite solar cells, increasing 
attention has been drawn to the low dimensional perovskite-like materials due to their 
improved stability compared to 3D perovskites105 and the emergence of lead-free 
perovskite-related systems.85,106 Recently, layered perovskites have been reported in solar 
cells devices, demonstrating band gap tuning by changing the sizes of the cations and the 
dimensionality of the framework. For example, devices using the layered perovskites, 
(PEA)2(MA)2(Pb3I10) (band gap of 2.06 eV, PEA = phenylethylammonium) have 
achieved  a power conversion efficiency of 4.73%,107 and (CH3(CH2)3NH3)2(CH3NH3)n-
1PbnI3n+1 (n = 1, 2, 3, and 4) (from band gap of 1.52 eV for n = ∞  to 2.24 eV for n =1 ) 
leads to an efficiency of 4.03% for n=3.108 In addition, the report of the first perovskite 
based LED, using the layered structure of (C6H5C2H4NH3)2PbI4, has raised interest in the 
electroluminescent properties of low dimensional perovskites.109,110 In comparison to the 
extensive studies starting a few decades ago on 2D layered halide perovskites for their 
potential applications in optoelectronic devices such as OLEDs and OFETs, there have 
been relatively few reports dealing with the 1D and 0D materials, with the focus mainly 
on their optical properties. 
 
 
Figure 1-10 shows the band gaps and solar cell power conversion efficiencies of the low 
dimensional halide perovskites, including both lead halide and lead-free systems.111,112 In 
general, the bandgaps of low dimensional perovskites are higher than 3D perovskites due 
to quantum confinement effects.113 The dimensionality of the inorganic framework and 
the functionality of the organic cations lead to the unique properties of the halide HOIPs, 
such as photoconductivity, ionic conductivity, electrical conductivity, photo- and 
electroluminescence, exciton formation, and phase transitions.66 
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Figure 1-10 (a) Experimental optical bandgaps of 3D iodide perovskites (diamond symbols) and 
perovskite-related structures (triangle symbols) as a function of crystal dimensionality. (b) 
Highest recorded power conversion efficiencies for a number of absorption materials with 3D and 
low dimensional perovskite structures. Reproduced from Yan et al.106 
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1.4 Mechanical properties of HOIPs 
1.4.1 Hybrid framework materials 
Comprehensive studies concerning the mechanical behaviour of hybrid organic-inorganic 
frameworks started to emerge in 2006.114,115 In order to examine their elastic and plastic 
responses under uniaxial pressure, the Young’s moduli and hardnesses of a range of 
hybrid materials were determined.116–118 The measurement of the mechanical response of 
organic-inorganic hybrid materials is challenging, since high quality single crystals and 
an understanding of the complex structure-mechanical relationship are required.114,117 
Therefore, the nanoindentation technique, wherein load and depth of penetration can be 
measured with a resolution of 1 nN and 0.2 nm, respectively, has been applied in a number 
of recent reports to facilitate the quantitative characterization of the mechanical properties 
of single crystals.114,119 The measured mechanical properties can, in turn, aid 
understanding of the underlying structural and chemical characteristics of these hybrid 
materials.  
 
Figure 1-11 Elastic modulus (a) and hardness (b) of [NH3NH2]1-x [NH3OH]x Zn(HCOO)3, where 
x = 0, 0.08, 0.30 and 0.48, labelled Zn-hox-0, Zn-hox-08, Zn-hox-30 and Zn-hox-48 respectively. 
Reproduced from Cheetham et al.13 
 
For example, a recent study on the amine formate perovskites, [AmineH+][Mn(HCOO)3], 
(Amine= HNC(NH2)2, (CH2)3NH2 and (CH3)2NH2) used both X-ray diffraction and 
nanoindentation.120,121 The results showed that the elastic modulus is closely linked to 
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hydrogen bonding energy. Figure 1-11 illustrates the tunable mechanical properties of 
hydroxylammonium/hydrazinium zinc formate perovskites, [NH3NH2]1-x [NH3OH]x 
Zn(HCOO)3. Doping of hydroxylammonium into the hydrazinium framework leads to a 
decrease in hydrogen bonding, and hence reduced stiffness and hardness.13 
 
Using the classification tool of Ashby diagrams,122 the mechanical properties of hybrid 
frameworks are summarized in Figure 1-12. Although there were no experimental reports 
with similar techniques on the mechanical properties of hybrid halide perovskites (halide 
HOIPs) at the time, mechanical properties of formate HOIPs have recently been studied 
and marked as ABX3 hybrids in Figure 1-12. 
Figure 1-12 Elastic modulus versus hardness materials property map for hybrid framework 
materials, Reproduced from Cheetham et al.114 
 
1.4.2 Hybrid halide perovskites 
Considering the mechanical properties of the hybrid halide perovskites, there is concern 
that their application in devices may be limited by their lack of robustness compared to 
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inorganic materials.57 In particular, the stress state and the crystallinity of the perovskite-
layer have a strong impact on absorption performance.123 On the other hand, the soft and 
ductile nature of the halide HOIPs provides the potential for applications in flexible and 
wearable devices, 124,125 such as the perovskite-based flexible memory device shown in 
Figure 1-13. It is therefore important to understand the mechanical stability of the halide 
HOIPs. 
Figure 1-13  Photograph of MAPbI3 based (a) perovskite solar-cell-based flexible glass,125 and 
(b) flexible solar cell around one pen with a diameter of 1 cm.126  (c) Current–
Voltage characteristics of flexible MAPbI3 resistive switching memory devices, without and with 
bending stress (a bending radius of 1.5 cm).127  
 
In terms of the mechanical response under volumetric pressure, several studies of the 
hydrostatic deformation of hybrid halide perovskites including MA and FA lead halide 
perovskites, have recently been reported, showing phase transitions to lower symmetries 
due to octahedral tilting of the inorganic framework at pressures less than 1 GPa, resulting 
in bandgap shifts as the pressures increase. Further increases in pressure lead to 
amorphization (see Chapter 3.1 for more details).61,128–130 It is now established that the 
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lead halide framework is highly dynamic, showing good structural and mechanical 
flexibility.131 
 
Regarding mechanical response under uniaxial pressure, on the other hand, Feng et al. 
reported first-principles calculations on the structural, elastic and anisotropic properties 
of the lead and tin based bromide and iodide systems.123  In the present work, Chapter 5 
further addresses the measurement of mechanical properties of perovskites and double 
perovskites. In this case, the elastic modulus and hardness are used to measure the 
strength and robustness of a framework respectively, and hence they are of interest both 
for the understanding of the intrinsic properties of the materials and the evaluation of 
materials behaviour under stress during the processing step of device production. 
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Chapter 2 Methods 
 
This chapter gives an account of the experimental methods used in this research. First, 
the synthesis of eight Pb-based, as well as five Bi-based perovskite and related structures, 
is summarized. The synthesised materials are characterized by a range of techniques and 
explored by computational studies. The principles and practice of X-ray diffraction used 
for structural examination and the methodology of the nanoindentation technique used 
for probing mechanical properties are explained in detail.   
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2.1 Materials synthesis 
2.1.1 Crystallization 
 MA/FAPbX3 (X = I, Br or Cl) 
Microcrystals (< 1 mm) of MAPbBr3 and FAPbBr3 were synthesized by crystallisation on 
cooling. Homogeneous mixture of 0.104 g formamidine acetate (HN=CHNH2 · 
CH3COOH) and 0.367 g lead bromide (PbBr2) were put into a 5 ml glass vial, then 0.3 
ml hydrobromic (HBr) solution (48wt% in H2O) was added. The mixture immediately 
turned red, and single-phase powder product was obtained after stirring the mixture for 1 
hour at room temperature. Similar procedures were applied for synthesis of MAPbBr3 
with 0.112 g MABr and 0.367 g PbBr2.  In order to get single crystals suitable for single 
crystal X-ray diffraction (0.2 – 0.4 mm), PbBr2 was fully dissolved in HBr solution at 
80°C, then a second HBr solution containing a stoichiometric amount of FA acetate (or 
MABr) was added while stirring on a hotplate, the mixture was slowly cooled to room 
temperature, and red octahedral single crystals precipitated out. When using lead acetate 
instead of PbBr2, excess HBr acid was added to avoid secondary phase formation. The 
synthesis of microcrystals was carried out by Dr. Fengxia Wei and the author, and the 
crystals were used for the research in Chapter 4. 
 
Single crystals (~ 2 mm) of MAPbX3 (X = I, Br or Cl) were precipitated from 
hydrochloric, hydrodrobromic and hydroiodic acid solutions following the method of 
Poglitsch et. al.53 In this procedure, 2.5 g lead(II) acetate was dissolved in 10 ml of 
concentrated aqueous HCl (37 wt%)/HBr (48 wt%)/HI (57 wt%) and heated to above 
90°C. To this solution, 2 ml of concentrated HX (X = I, Br and Cl) was added together 
with 0.597 g of CH3NH2 (40 wt% aqueous solution, Merck). Crystals were obtained by 
cooling the solutions from ~ 90°C to 25°C over 72 hours. The products were colourless 
for the chloride, orange for the bromide and black for the iodide. For MAPbI3, the crystals 
were separated at above 40°C to avoid the formation of yellow crystalline 
(CH3NH3)4PbI6·2H2O.
132 The crystals were prepared by Dr. Yanan Fang (Department of 
Materials and Engineering, Nanyang Technological University of Singapore) and used in 
Chapter 5. 
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Single crystals (~3 mm) of FAPbX3 (X = Br or I) were synthesized using inverse 
temperature crystallisation. Attempts at producing FAPbCl3 yield a two-dimensional 
layered complex, since the FA cation is too large to fit into the lead chloride perovskite 
framework.  
FAPbI3: 1 M of FAPbI3 solution was prepared in γ-butyrolactone. The solution was 
filtered into a vial by using a PTFE filter with a pore size of 0.2 µm. The filtrate was then 
immersed in a silicon oil bath, which was pre-heated to 90 °C. The temperature of the 
system was slowly increased to 100 °C. Several black FAPbI3 single crystals were 
collected at this temperature. The solution was then dissolved, filtered, and then immersed 
again in a silicon oil bath at 90 °C. The resulting single crystals were used as seeds by 
gently placing them into the perovskite solution. Then, the temperature of the system was 
gradually increased by 1 °C in every 30 minutes to further increase the crystal size.         
FAPbBr3: 1 M of FAPbBr3 was dissolved in a 1/1 (v/v) solution of DMF and GBL. The 
solution was filtered into a vial, and then the filtrate was immersed in a silicon oil bath at 
50 °C. The temperature was slowly increased to 60 °C to initiate the nucleation process. 
Then, the temperature was gradually increased by 1 °C in every 30 minutes to further 
enhance growth of the orange single crystals. The FA-based single crystals were prepared 
by Furkan Isikgor (Department of Materials and Engineering, National University of 
Singapore).133 and the crystals were used in Chapter 3 and Chapter 5. 
 
 GUAxPbI2+x (x = 1, 2, or 3) 
One of the precursors, guanidinium (GuA) iodide (C(NH2)3I) was firstly prepared by 
adding equal molar of guanidinium carbonate (8.03 g) to hydriodic acid (HI) (20 g, 
aqueous solution, 57 wt%). A white solid was obtained after removing water at 50 oC 
using a rotational evaporator. The product was stored in an argon glove box for future 
use.  
 
Three single crystal phases of of guanidinium iodoplumbates were produced by tuning 
the concentration of HI. The solution synthesis was followed using the methods described 
by Poglitsch and Weber53 and adapted from the synthetic procedures by Kanatzidis et. 
al.66 Lead acetate trihydrate (379 mg, 1 mmol) was added to the flask and dissolved in HI 
upon heating the flask to 120 oC. An oil bath is used to provide heating with constant 
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magnetic stirring. Stoichiometric ratios of solid C(NH2)3I (1 mmol, 2 mmol and 3 mmols 
respectively) were added. The solution was then left to cool to 50 oC without stirring. 
Yellow precipitates were formed upon cooling.  The resulting crystals were used in the 
research of Chapter 6. 
 
 A3Bi2I9 (A = NH4 or MA) 
Single crystals of (NH4)3Bi2I9 and MA3Bi2I9 were prepared by solution methods. 1 mmol 
of bismuth iodide (Sigma-Aldrich) was dissolved in 0.3 mL of hydroiodic acid (57% 
aqueous solution) by heating in an oil bath. At 90 °C, a stoichiometric amount of NH4I 
(or MAI) was added to the solution and the mixture was then held for 3 hours at this 
temperature. Dark red crystals were then filtered out without allowing the solution to cool 
to room temperature. The crystals were dried under vacuum overnight. Red fine powder 
could be obtained by grinding at room temperature. The resulting crystals were used in 
the research in Chapter 6. 
 
2.1.2 Hydrothermal synthesis 
Single crystals (~0.5 mm) of double perovskites were synthesized by Dr. Fengxia Wei 
and used in the research in Chapter 7. 
 (MA)2MBiBr6 (M=Ag or Tl) 
The starting material, MABr, was prepared by mixing stoichiometric amounts of 
methylamine solution (40wt% in H2O) and HBr (48wt% in H2O) in an ice bath, then 
heating at 333K to dryness, washing with acetone, followed by drying overnight in a 
vacuum oven. (MA)2AgBiBr6 was synthesized by adding AgNO3 to KBr solution in H2O, 
the precipitates were filtered out, washed with acetone and dried in air. 
(MA)2TlBiBr6 was synthesized by the hydrothermal method at 150 °C using 3 mmol 
MABr, 1.5 mmol (CH3COO)Tl, and 1.5 mmol BiBr3 in 1 ml HBr. The product was a 
mixture containing significant quantities of yellowish (MA)2Bi3Br9.  
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 (MA)2KBiCl6 
The starting material, MACl, was prepared by mixing stoichiometric amounts of 
methylamine solution (40 wt% in H2O) and HCl (37% in H2O) at 273 K, then heating at 
333 K to dryness, washing with acetone, and drying overnight in a vacuum oven. Crystals 
of (MA)2KBiCl6 were synthesised at 423 K by the hydrothermal method in a stainless-
steel Parr autoclave using 2.4 mmol MACl, 1.2 mmol KCl and 1.2 mmol BiCl3 in 1 ml 
HCl acid solution. 
 
2.2 Structural characterization 
2.2.1 Single crystal X-ray diffraction (SCXRD) 
 Principle of methods 
Figure 2-1 Schematic illustration of the SCXRD technique. 
 
Single crystal X-ray diffraction has been used to determine the crystal structure of 
materials since the early 20th century. The technique allows one to obtain the cell 
parameters, space group and precise atomic positions. X-ray diffractometers consist of 
three basic components, an X-ray tube, a goniometer, and a detector. By heating a 
filament, electrons are produced and X-rays are generated in a cathode ray tube, 
accelerating the electrons toward a target under applied voltage. The interaction between 
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the atoms in the crystal and the X-rays results in the formation of a diffraction pattern 
(Figure 2-1). The diffraction patterns consist of the superposition of scattered waves with 
varying amplitudes and phases associated with the structure factor, F (K). The intensity I 
(K) of a reflection can be related to the structure factor. 134 
|𝐹 (𝐾)|2 ∝ 𝐼 (𝐾) 
𝐹 (𝐾) = ∫ 𝜌 (𝑟)𝑒𝑥𝑝{2𝜋𝑖(𝐾. 𝑟)}𝑑𝑣𝑟
𝑎
𝑣
 
where K is the scattering vector and r refers to real space position. Electron density, 𝜌, 
can then be calculated by reverse Fourier transformation: 
𝜌 (𝑟) =
1
𝑉
∫ 𝐹 (𝐾)𝑒𝑥𝑝{−2𝜋𝑖(𝐾. 𝑟)}𝑑𝑣𝐾
𝑎
𝑣
 
 
 Instruments and data analysis 
Laboratory single crystal X-ray diffraction measurements were performed on an Oxford 
Diffraction Gemini E Ultra diffractometer with an Eos CCD detector using Mo Kα 
radiation (λ = 0.7107 Å, operating at 50 kV and 40 mA). Crystals were mounted on a 
cryoloop using perfluorinated oil. Data were collected using ω scans at temperatures of 
100 K – 450 K in a nitrogen stream. Data collection and reduction were performed with 
CrysAlisPro (Version 1.171.34i, Agilent Technologies). Absorption corrections were 
applied using analytical methods with face indexing or spherical methods to best suit the 
crystal shape. The structures were solved with ShelXT and refined with ShelXL-97.135,136 
Using the OLEX2 platform,137 all non-hydrogen atoms were refined anisotropically, but 
the electron density of hydrogen atoms were not able to be determined in the presence of 
heavy atoms (e.g. Pb, Bi, Br, I) in our samples. 
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2.2.2 Powder X-ray diffraction (PXRD) 
 Principle of methods 
 
Figure 2-2 Schematic illustration of (a) diffraction of powder sample with a steady X-ray source 
and (b) lattice diffraction satisfying the Bragg’s law. 
 
The PXRD technique is commonly applied for phase identification and to confirm the 
bulk structure. Diffraction is determined by Bragg's law (Figure 2-2): 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
where d is the spacing between diffracting planes, θ is the incident angle, λ is the incident 
wavelength of the beam and n is an integer. The Bragg equation relates the interplanar 
spacing, d, to the diffraction angle and the analysis treats X-rays like visible light being 
reﬂected by a surface, with the X-rays being reﬂected at lattice planes following the Bragg 
equation.138  
 
 Instruments and structure refinement 
With Cu Kα X-rays (λaverage = 1.54187Å), a Bruker D8 Advance theta/theta (i.e. fixed 
sample) diffractometer with position sensitive detector (LynxEye EX) was used for 
laboratory PXRD measurement (best instrumental resolution ~ 0.06° in 2θ and ~ 0.03° in 
omega) (See Appendix, Figure-A 1 for instrumental peak widths). For the MAPbBr3 and 
FAPbBr3 samples studied in Chapter 4, the powder patterns were collected from 2θ 10 -
135° using a step size of 0.02° with an exposure time of 1.5 s per step. Rietveld refinement 
of the diffraction patterns was applied with TOPAS V5.1 using the fundamental 
parameters approach and a full axial divergence model.139,140 In Rietveld refinement, 
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parameters in the model such as atomic positions and lattice parameters, as well as 
experimental factors that affect peak profile, such as peak position, shape and widths, and 
the background are refined using a least-squares approach, until the agreement between 
the calculated and measured diffraction proﬁles is optimized.138 
 
For the phase identification of Bi-based perovskites in Chapter 6, room temperature 
PXRD data were collected over a 2θ range of 10-50° using a Bruker D8 theta/theta (ie 
fixed sample) with a position sensitive detector (LynxEye) and a standard detector with 
auto-absorber, a graphite monochromator and sample rotation. The instrument has a best 
instrumental resolution of ~0.08° in 2θ and ~0.04° in omega.  
 
2.2.3 Synchrotron X-ray diffraction 
Synchrotron sources allow us to probe the atomic structure with much higher resolution 
than with laboratory diffractometers. The synchrotron facilities used in this research were 
the PXRD beamline I11 and the SCXRD beamline I19 at Diamond Light Source. 
Oxfordshire, UK. 
 Powder diffraction 
Samples of finely ground FAPbBr3 were coated on 0.3 mm glass capillaries by using 
cream to ensure a thin coating of the powder, thereby minimising absorption effects. The 
position sensitive detector Mythen strip was used with a mean X-ray wavelength of 
0.82609(1) Å, calibrated using a NIST Si 640c standard.141 Data were collected at 290 K 
over the range 2θ 2° - 92° in the Debye-Scherrer geometry with the monochromatic 
synchrotron X-ray radiation (15 keV) (Figure 2-3).  
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Figure 2-3 Photograph of the PSD detector at I11.Reproduced from Tang et al.141 
 
 High pressure single crystal diffraction 
High-pressure single crystal diffraction experiments were performed using a diamond 
anvil cell setup (Figure 2-4) at the Diamond Light Source (I19, λ = 0.4895 Å), with 
Fluorinert FC-70 as an inert pressure transmitting medium. The fluorescence of ruby was 
used for pressure calibration. The diffractometer consists of three main part: the crystal 
logic goniometer, a Rigaku Saturn 724+ detector and a Rigaku ACTOR robotic sample 
changer.142 Before the experiment, a FAPbI3 single crystal (~150 µm) was mounted in 
the diamond anvil cell and data was collected at ambient pressure, 0.247 GPa, 0.494 
GPa and 0.742 GPa, respectively. 
Figure 2-4 Merrill–Bassett diamond anvil cell mounted on a Bruker Kappa APEX II 
diffractometer and (right) an exploded view of a Merrill–Bassett diamond anvil cell. Reproduced 
from Warren et al.143 
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2.3 Nanoindentation  
2.3.1 Sample preparation 
Prior to nanoindentation, individual untwinned crystals with well-defined shapes were 
selected and face indexed using single crystal X-ray diffraction. The X-ray diffraction 
patterns were collected on an Oxford Diffraction Gemini Ultra diffractometer with 
graphite monochromated Mo Kα radiation (λ= 0.71073 Å) at room temperature and the 
structures were solved with CrysAlisPro using the program SHELX.144 The program 
Olex2 was used as an interface for the SHELXS and SHELXL executables.136 
 
The crystals were then glued on to small flat aluminum chips using a thin layer of 
cyanoacrylate glue, with the facets of interests in contact with the aluminum chips. The 
samples were then firmly cold-mounted using Epofix resin (Struers Ltd.) and ground to 
remove the chips, followed by careful polishing using increasingly fine diamond 
suspensions.33 A diamond suspension with a particle size of 0.25 μm was used in the final 
step to minimise the surface roughness.  
 
2.3.2 Instrument and methods 
Nanoindentation experiments were performed at room temperature using an MTS 
NanoIndenter® XP (MTS Corp., Eden Prairie, MN), with the indenter aligned normal to 
the facets of interests (Figure 2-5).114 A fused silica standard, with an elastic modulus of 
72 GPa and hardness of 9 GPa, was used for calibration and the instrument was kept in 
an isolation cabinet to minimise thermal instability and acoustic interference.  
 
Applying the continuous stiffness measurement (CSM) mode, indentation experiments 
were conducted using a pyramidal sharp Berkovich tip (radius ~100 nm) and were 
controlled by displacement with a strain rate of 0.05 s-1. The load (P) and the displacement 
(h) were monitored continuously, until a maximum displacement of 1000 nm was 
reached, at which point the indenter was held for 30 s before unloading at the same strain 
rate.  
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In order to determine the Young’s modulus and hardness of the crystals, P was plotted as 
a function of indentation depth, and the elastic contact stiffness, S, was determined by 
dP/dh. Using the standard Oliver-Pharr Method,145,146 the reduced modulus, Er, was 
obtained by: 
                                                         
c
r
A
S
E


2
  
where Ac is the contact area under load based on the calibrated tip function and β is a 
constant that depends on the geometry of the indenter (for a Berkovich tip β = 1.034). 
The anisotropic elastic moduli along different crystal facets were then according to:  
                                                s
s
i
i
r EEE
22
111  



 
where ν and E are Poisson’s ratio and elastic modulus, respectively, and the subscripts i 
and s refer to the indenter and the sample respectively. The diamond indenter used in this 
thesis has an elastic modulus of 1141 GPa and a Poisson’s ratio of 0.07. The elastic 
moduli of the sample determined in the three orthogonal orientations were calculated 
assuming a Poisson’s ratio of the sample of 0.3.  
 
As a measure of materials’ ability to resist local plastic deformation, indentation hardness 
(H) is determined by: 146 
                                                         
cA
P
H max  
Where Pmax is the maximum indentation load and Ac is the contact area between the 
indenter tip and the sample. In this case, Ac  is calculated from the contact depth, hc, 
governed by the following equation: 145 
                                                                          
S
P
hhc
max
max 75.0
 
Where Pmax refers to the maximum indentation depth and the extent of elastic recovery is 
represented by 0.75(Pmax/S). 
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Figure 2-5 Photographs of (a) the MTS nano indenter, (b) the Berkovich tip, (c) a crystal 
mounted in the resin before polishing and (d) an array of indents conducted on the (100) surface 
of MAPbBr3. 
 
2.4 Computational methods 
2.4.1 DFT calculations 
 Electronic structures 
For the Pb-based halide perovskites and double perovskites, DFT calculations were 
performed using the VASP code.147 Projected augmented wave (PAW)148 potentials were 
used for Pb (5d106s26p2) and I (5s25p5), and PBE functional149 was used to model the 
exchange-correlation. A planewave kinetic energy cutoff of 500 eV was used for all 
calculations. For the density of states (DOS), a 10 × 10 × 12 K-point mesh was used for 
DOS calculation instead. Relativistic spin-orbit coupling (SOC) is important in the lead 
system and was considered for both band structure and DOS calculation.150 Because the 
electronic structure near the band gap mostly depends on inorganic elements, i.e. Pb and 
I (or Br), the experimental lattice parameters and ionic positions of Pb and I (or Br) were 
fixed throughout the calculations, and the organic cations were replaced by the 
background charges to get rid of the disorder. 
 
The electronic band structure and DOS were calculated using the experimental inorganic 
framework of FAPbI3 at different pressures: 0 GPa, 0.247 GPa, 0.494 GPa and 0.741 GPa 
structure, respectively and at different temperatures: 250 K and 200 K. DFT was also 
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used to calculate electronic band structures and projected DOS of FAPbBr3 at 120 K and 
300 K. The above DFT calculations were performed by Zeyu Deng in the author’s 
department. 
 
For the Bi-based layered perovskite, (NH4)3Bi2I9, the DFT calculations employed the 
generalised gradient approximation (GGA) implemented with PAW148,151 
pseudopotentials as supplied in the Vienna ab initio Simulation Package (VASP).147,152–
154 The effect of spin-orbit coupling was only included during band structure and density 
of states calculations. The effects of van der Waals dispersion interactions were included 
during structural and electronic relaxation.155 The following parameters were adopted: (i) 
a 3×5×2 Monkhorst-Pack k-point mesh156 and (ii) a 500 eV plane-wave cutoff energy. 
The numbers of valence electrons treated explicitly were as follows: 15 for Bi 
(5d106s26p3), 7 for I (5s25p5), 6 for O (2s22p4), 5 for N (2s22p3), and 1 for H (1s1). All 
structural relaxations were performed with a Gaussian broadening of 0.05 eV.157 The ions 
were relaxed until the forces on them were less than 0.01 eVA-1. This DFT calculation 
was performed by Dr. Jung-Hoon Lee in the author’s department. 
 
 Cation dynamics 
The presence of the organic cations in HOIPs results in a complex potential energy 
surface (PES) with many shallow local minima. We exploit this aspect to partially explore 
the dependence on the PES on the initial orientations of the cation in Chapter 4. We 
considered an ideal cubic cage with different orientations of the FA cation obtained 
rotating the molecule along two of the main axes of the molecule. In particular we focused 
on the rotation along the axis parallel to the N-N line that passes on the C atom. This axis 
is particular interesting because it does not change significantly the distance between the 
H group and the halide.  
 
The different orientation of the molecule induces different tiltings of the inorganic cage 
with a consequent variation in the inter-planes distance along different crystallographic 
directions. The deviation (σ) is obtained as the square root of the variance of the inter-
planar distance with respect to the experimental observed cubic structure according to: 
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σ2 =  (∑
(d − 𝑑0)
2
𝑁
 ) 
where 𝑑 is the interplanar distance at local minima, 𝑑0 is the interplanar distance of an 
ideal cubic perovskite structure and N is the multiplicity of the planes in cubic symmetry. 
The calculations have been performed with the code VASP using a plane wave basis set 
with a 700 eV cut-off and 6x6x6 k-points grid. The geometry optimization has been 
performed to reduce the forces below a threshold of 1 mev. This calculation was 
performed by Dr. Federico Brivio in the author’s department. 
 
2.4.2 Ab initio molecular dynamics (AIMD) 
AIMD calculations were performed using PAW pseudopotentials148,151 as implemented 
in the VASP code147,154, with the following electrons treated explicitly: H (1s1), C 
(2s22p2), N (2s22p3), Pb (5d106s26p2) and Br (4s24p5). A 400 eV planewave kinetic energy 
cutoff and gamma point K-point mesh were used throughout the calculations. Van der 
Waals interactions were included158. SOC was not considered for the AIMD since it does 
not affect structural properties significantly.159 An NVT ensemble (canonical ensemble) 
was used and the experimental lattice parameters were applied and kept fixed (2 × 2 × 2 
supercell).  
 
For the tetragonal FAPbI3 structure at 200 K (Chapter 3), the experimental lattice 
parameters and positions of the inorganic elements (Pb and I) were all kept fixed during 
the simulations which were first performed for 10 ps to equilibrate the structure and then 
these data were discarded. Following this a further simulation of 50 ps was performed to 
collect data for analysis. The trajectories were sampled every 10 fs to determine the 
preferred orientations of the FA ion. 
 
For the room temperature structures of MA/FAPbBr3 (Chapter 6), the temperature was 
set at 300 K. The data from the first 10 ps was discarded for equilibrium and then we ran 
calculations for 100 ps for data collection. The radial distribution function (RDF) was 
analysed using VMD160 with a bin size of 0.05 Å. The AIMD calculations were performed 
by Zeyu Deng in the author’s department. 
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2.5 Other characterization 
2.5.1 UV-visible spectrometry 
Reflectance measurements were carried out using a PerkinElmer Lambda 750 UV-
Visible spectrometer. Measurement was carried out in the reflectance mode with a 2 nm 
slit width. The scan interval was 1 nm and the scan range covered the absorption edge. 
The sample used was ground into fine powder with a particle size of ~10 μm, and pressed 
to a pellet thickness of ~1 mm to satisfy the sample requirement for Kubelka-Munk 
theory, i.e. particle sizes must be much smaller than sample thickness to avoid 
geometrical effect. Reflectance data were converted to absorbance spectrum by the 
Kubelka-Munk equation:  
                                                   𝐹(𝑅)  =  
𝐴
𝑆
=  
(1 − 𝑅)2
2𝑅
 
where A and S are the absorption and scattering coefficients, respectively, and R is the 
reflectance. S is assumed to be constant with wavelength for the same sample conditions, 
i.e. particle size, sample thickness and moisture, which can be controlled during data 
collection.161 A Tauc plot of (hνA)2 against hν was carried out and the linear part was 
fitted and extrapolated to zero to obtain the band gap value, where h is Plank constant and 
ν is the frequency of the photon.162 The measurements were conducted by Fei Xie and the 
author. 
 
2.5.2 Thermal analysis 
Thermogravimetric analysis (TGA) was carried out under a continuous nitrogen flow 
using a TA Instruments Q-500 series thermal gravimetric analyser between 25 and 800 
°C. 
 
2.5.3 Impedance spectrometry 
The conductivities were measured using the single crystal conductivity method.163–165 In 
brief, single crystal samples were filtered and dried in a vacuum oven overnight. The 
dried crystals were mounted on two Au microelectrodes which were designed to have a 
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20 micro meter gap by lithography. The electrode was placed in a dark chamber with dry 
nitrogen flow. The conductivities were measured by the AC impedance method using a 
Gamry Interface electrochemical instrument at 10 mV amplitude from 1 MHz to 0.1 Hz 
at 20°C. We also performed powder conductivity measurements on a pellet sample. The 
pellet was formed at 0.1 GPa from dry powder, and then, before measuring conductivities, 
the pellet was kept in dry nitrogen for a week in order to remove adsorbed water which 
can cause ionic conduction, probably due to hydrated interparticle spaces.163 The 
conductivity measurements were conducted by Dr. Satoshi Tominaka.  
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Chapter 3 Crystal chemistry of 
formamidinium lead halide perovskites  
 
This chapter describes the crystal chemistry of FA-based hybrid perovskites. Variable 
temperature X-ray diffraction was applied to study the phase transition of FAPbI3 and 
FAPbBr3 single crystals. The low temperature dynamics of the FA cations were studied 
with both experimental and computational approaches. In addition, high pressure X-ray 
diffraction was employed to study the phase stability of single crystal FAPbI3 under 
hydrostatic pressure and density functional theory (DFT) calculations were carried out to 
examine the effects of external stimuli on band structures.  
 
 
Some of the results in this chapter have been published in: 
• S. Sun, Z. Deng, Y. Wu, F. Wei, F. H. Isikgor, F. Brivio, M. W. Gaultois, J. 
Ouyang, P. D. Bristowe, A. K. Cheetham and G. Kieslich, “Variable temperature 
and high-pressure crystal chemistry of perovskite formamidinium lead iodide: a 
single crystal X-ray diffraction and computational study”, Chem. Comm., 2017, 
017, 53, 7537-7540 . 
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3.1 Overview 
Understanding of the crystal chemistry of the prototypical three-dimensional hybrid 
perovskites, APbX3 (A = MA or FA and X = I, Br or Cl) is essential for optimizing device 
stability.66,104,166 Recent research highlights include neutron scattering studies tracking 
the dynamics of methylammonium ions as well as computational studies describing the 
lattice dynamics of these materials.167,168 While many studies have mainly focused on 
MA based perovskites,169 there still remain many open questions regarding the general 
crystal chemistry of FA based perovskites and their responses to external stimuli, such as 
temperature and pressure. 
3.1.1 Phase transitions in MA/FA lead halides 
Like solid-state perovskites, MA lead iodide perovskites show an increase of symmetry 
with increasing temperature.53,56,67,170 MAPbI3 undergoes a phase transition from 
orthorhombic (𝑃𝑛𝑚𝑎) to a tetragonal (𝐼4/𝑚𝑐𝑚) modification at 161 K and further to 
cubic (𝑃𝑚3̅𝑚) at 327 K, as determined by neutron diffraction (Figure 3-1). The MA ions 
are ordered in the orthorhombic phase, and turn into disordered orientations in the 
tetragonal and cubic phases.53,56,67 MAPbBr3 and MAPbCl3 behave in a similar fashion 
with phase transition temperatures generally a bit lower.171 We should note here that the 
room temperature symmetry of MAPbI3 is currently still under debate from XRD data, 
arguably in 𝐼4/𝑚𝑐𝑚 56, 𝐼4𝑐𝑚 72 or 𝐹𝑚𝑚𝑚 .170 Cahen et al. recently reported 
ferroelectricity in room temperature MAPbI3, which crystallises in the polar space group 
of 𝐼4𝑐𝑚.72 In comparison to the inorganic analogues, the structural characterization of 
hybrid halide perovskites is complicated by the floppy PbX3
- network, the disorder of 
organic cations as well as the large electron contrast of MA and the lead halide cavity in 
XRD.67  
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Figure 3-1 (a) Stack plot of MAPbI3from neutron diffraction data (67–88°) over the temperature 
range of 100 to 352 K. Phase transitions at 165 K and 327 K are observed as is the overall unit 
cell expansion. (b)  Left: one orientation of the MA+ cation in the tetragonal phase of MAPbI3 at 
180 K; the cation is four-fold orientationally disordered around the vertical c-axis. Right: 
orientationally disorder modelled in the cubic phase at 352 K. Thermal ellipsoids at 50% 
probability. (c) The unit cell of MAPbI3 at 100 K viewed close to a-axis with atomic displacement 
parameters (ADPs) showing as 90% probability ellipsoids; Key: lead yellow, iodine purple, 
carbon black, nitrogen blue and hydrogen grey. Reproduced from Weller et al.67 
 
Looking at the FA based hybrid perovskites, on the other hand, there was no reported 
structural information at the time when the present study started. The FAPbI3 perovskite 
polymorph slowly converts to the low dimensional structure over time under ambient 
conditions. The room temperature structure of the metastable perovskite FAPbI3 was 
firstly published in trigonal space group 𝑃3𝑚1by Stoumpos et al. in 2013,
66 and was 
revisited by Weller et al. in 2015, where neutron powder diffraction was applied, 
modelling the cubic structure with the space-group 𝑃𝑚3̅𝑚  at room temperature.172 
Seshadri et al. recently applied variable temperature powder X-ray diffraction (PXRD) 
on FAPbI3, finding two phase transitions at low temperatures in the tetragonal space 
group of 𝑃4/𝑚𝑏𝑚.173 The work of this chapter follows on from their important findings 
and further examines the crystal chemistry of FAPbX3 (X = Br and I). 
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3.1.2 Responses under pressure 
A few high-pressure studies on lead halides perovskites have been reported in the 
literature, most of them show similar octahedral tilting and induce phase transitions. 
Swainson et al.174 and Zhao et al.175 studied the high-pressure behaviour of MAPbBr3 
using neutron diffraction and powder X-ray diffraction, respectively, observing a phase 
transition from 𝑃𝑚3̅𝑚  to 𝐼𝑚3̅  below 1 GPa. Shortly after, Karunadasa et al. and 
Szafranski et al. investigated the high pressure behaviour of MAPbI3 and concluded 
similar phase transitions.61,170 There is a current debate about the existence of an 
orthorhombic modification of MAPbBr3 and MAPbI3 for pressures larger than p > 1.8 
GPa. Regarding the high pressure work on FA perovskites, Zou et al. reported a high 
pressure PXRD study on FAPbBr3, where two phase transitions were observed: from 
𝑃𝑚3̅𝑚 to 𝐼𝑚3̅ at p = 0.53 GPa and the second transition to 𝑃𝑛𝑚𝑎 at p = 2.2 GPa.129 
However, the deformation of FAPbI3 is currently still controversial. FAPbI3 was recently 
studied at high pressures using PXRD, however, the authors report the absence of any 
phase transition, despite the occurrence of an abrupt change of lattice parameters a 
function of pressure.176 In another recent high-pressure study using PXRD, a transition to 
an orthorhombic structure in Imm2 was reported at 0.34 GPa.177  Our single crystal results 
do not support their findings, as discussed in Chapter 3.4.  
 
3.1.3 The purpose of present study  
It is now established that lead halide perovskites are very dynamic materials, with local 
symmetry breaking processes present.131 Therefore, the structural transitions in hybrid 
perovskites, either triggered by variation of temperature or pressure, are very subtle. It is 
challenging to examine the small tilting transitions of the already highly dynamic Pb-X-
Pb framework. In this context, it is no surprise that there is a current debate about the low 
temperature and high-pressure structures of lead halide perovskites, especially MAPbI3 
and FAPbI3. In their recent review on high-pressure studies of MA-based lead halide 
perovskites, Szafrański et al. summarized the pitfalls and discrepancies in the structural 
determination of systems under pressure and illustrated that applying pressure is an 
efficient way to tune the band structures.178 
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The work in this chapter follows on from the current debate, clarifying the structural 
evolution of FA-based lead halide perovskites as a function of temperature and pressure. 
The crystal chemistry of the FA lead halide perovskites was explored by single crystal 
XRD (SCXRD) to understand the phase stability under external stimuli. The responses 
of FAPbI3 perovskite single crystals under variable temperature (VT) (100 – 450 K) and 
high pressure (p = ambient – 0.742 GPa) were studied. The experimental results combined 
with AIMD simulations to examine the cation dynamics in the tetragonal phase, shed 
light into the nature of the phase transition in FAPbI3. To further understand the effects 
of FA cations, the thermal response of FAPbBr3 was also studied by VT SCXRD in the 
similar fashion as FAPbI3, where the octahedral tilting mechanisms and cation dynamics 
in the tetragonal phase were analyzed. High-pressure XRD of FAPbBr3 were not 
performed in this research as its phase transition under hydrostatic pressure was reported 
during the preparation of our experiment.129 DFT calculations were employed in both 
systems to study the effect of structural changes on electronic properties.  
 
3.2 Crystal chemistry of FAPbI3 
3.2.1 Structural solution and refinement 
At T = 300 K, FAPbI3 crystallizes in the expected perovskite structure, with PbI3
- forming 
a ReO3-type cavity and FA cation in the open void for charge balance. A cubic phase with 
a = 6.3566(2) Å and space group 𝑃𝑚3̅𝑚 was determined (R1 =3.27 %), which was 
consistent with the observations by Weller et al. [18] (See Appendix Figure-A 2 ). In this 
𝑃𝑚3̅𝑚 phase the Pb-I-Pb angles are 180°, which enables good mixing of Pb 6s orbitals 
and I 5p orbitals.69 We note, however, that the thermal motion of the iodide ions is 
strongly perpendicular to the Pb-Pb bonding direction (Figure 3-2), as observed 
previously.179  
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Figure 3-2 Crystal structure of FAPbI3 at 300 K, iodide ions form ellipsoids (shown with 50% 
probability) that are perpendicular to the Pb-Pb vector in the cubic plane. Grey spheres represent 
lead, purple represent iodide, carbon (brown) and nitrogen (blue) are modelled with disorder 
inside the perovskite cage. 
 
The cubic (black, 3D) to hexagonal (yellow, 1D) phase transition was recently reported 
to be closely related to the entropy of the system and kinetic trapping of the cubic phase 
could be achieved by thermal quenching.180 In the present study, starting at T = 300 K, 
single crystals of the perovskite polymorph of FAPbI3 were heated to T = 450 K and 
SCXRD data were collected during stepwise cooling to 100 K (cooling rate ≈5 K/min). 
On cooling FAPbI3 from 450 K, a phase transition from cubic to tetragonal is observed 
between 300 K and 250 K.  
 
Table 3-1 Details of change in lattice parameters with temperature. 
 
 
 
 
 
 
 
 
 
 Temperature (K) a(Å) c (Å) Unit Cell Volume (Å
3) 
1 300 6.3566(2)  256.84(1) 
2 450 6.4009(5)  262.25(4) 
3 400 6.3936(4)  261.36(3) 
4 350 6.3806(3)  259.77(2) 
5 300 6.3667(2)  258.07((2) 
6 250 8.9710(7) 6.3427(8) 510.45(9) 
7 200 8.9491(6) 6.3283(6) 506.80(7) 
8 150 8.9267(6) 6.3126(6) 503.03(7) 
9 120 8.8869(3) 6.2854(5) 496.40(5) 
10 100 8.8750(20) 6.2820(30) 494.90(3) 
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In order to solve the low temperature structure from SCXRD, we should mention that the 
observed systematic absences are not in agreement with a body-centered lattice, which 
was initially suggested by the indexing routine of CrysAlisPro144 After carefully 
examining the systematic absences in the precession images, we solved the low 
temperature phase in tetragonal symmetry with space group P4/mbm (see Appendix 
Figure-A 3 and Figure-A 4 for precession images with structural solution in the space 
group and 𝐼𝑚3 ̅and 𝑃4/𝑚𝑏𝑚, respectively). 
 
In addition, although un-twinned single crystals were selected for X-ray diffraction, 
structure solution was complicated by crystal twinning which took place upon cooling 
during the cubic to tetragonal phase transition. The majority of the diffraction spots for 
the twin components overlap (>70%), hence final structural solutions were refined with 
one component of the twins to study organic cation orientations, allowing analytical 
absorption corrections, except at T =100 K where the twinning become severe at low 
temperatures and the structure were not able to be deduced without a twin model. At T = 
250 K, structure solution in 𝑃4/𝑚𝑏𝑚 (R1 = 4.45 %) leads to a tetragonal unit cell with a 
= 8.9710(7) Å and c = 6.3427(8) Å. The atomic coordinates and twining matrix at T = 
250 K are listed in Table 3-2 and  
Table 3-3 respectively.  
 
Table 3-2 Fractional atomic coordinates and equivalent isotropic displacement parameters (Å2) 
for low temperature phases. Ueq is defined as 1/3 of the trace of the orthogonalized UIJ tensor. 
 
T (K) 
 
Atom x Y z Occupancy Ueq (Å
2) Symmetry 
250K 1 Pb 0.000 0.000 0.500 1 0.034(1) 4/m 
 
2 I1 0.000 0.000 0.000 1 0.094(1) 4/m 
 
3 I2 0.236(1) 0.736(1) 0.500 1 0.087(1) m2m 
 
4 N 0.600(2) 0.100(1) 0.000 1 0.37(4) m2m 
 
5 C 0.000 0.500 0.118(7) 0.5 0.17(5) m2m 
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Table 3-3 Twinning matrix of FAPbI3 at 250 K. 
 
With respect to the ambient temperature cubic cell, the tetragonal cell at low temperatures 
is 45° tilted within the ab-plane, leading to the square root relationship of the lattice 
parameters a and b. Such phase transition is related to a change of the octahedral tilting 
system from a0a0a0 for 𝑃𝑚3̅𝑚 (zero-tilt system) to a0a0c+ (one-tilt system) for 𝑃4/𝑚𝑏𝑚. 
The octahedral tilt about the c-direction is associated with a reduction of the Pb-I-Pb 
angles within the ab-plane to 173.6°. Interestingly, differential scanning calorimetry 
(DSC) does not show clear evidence for a phase transition. However, by measuring 
SCXRD on a different crystal and applying a smaller temperature interval, the phase 
transition temperature was narrowed down to 260-280 K (see Appendix, Table-A 1 for 
details of change in lattice parameters), which is in good agreement with the results by 
Seshadri et al.173 Reducing the temperature to T = 200 K further decreased the lattice 
parameters and Pb-I-Pb angle to a = 8.9491(6) Å, c = 6.3283(6) Å and 170.6(1)°. The 
SCXRD datasets collected at T = 250, 200, and 150 K were satisfactorily solved in 
𝑃4/𝑚𝑏𝑚 (Table 3-4, see next page).  
 
T 
(K) Twin 
Twin 
Ratio 
Isolated 
reflection 
Over-
lapped 
reflections U11 U12 U13 U21 U22 U23 U31 U32 U33 
250 1 40.4% 862 738 1 0 0 0 1 0 0 0 1 
 
2 33.3% 852 731 -0.5 0.5 1.0 0.5 -0.5 1.0 0.5 0.5 0.0 
 
3 26.4% 841 716 -0.5 -0.5 -1.0 0.5 -0.5 1.0 -0.5 -0.5 0.0 
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Table 3-4 Details of structural solution and refinement of FAPbI3 using VT SCXRD. 
1H positions were not considered in the structural solution due to the difficulty of detecting light H in the 
presence of heavy Pb and I by X-ray diffraction. 
Empirical formula CN2PbI3
1 
Formula weight 632.96 
Crystal size/mm3 0.24 × 0.14 × 0.06 
Radiation MoKα (λ = 0.71073Å) 
Crystal system Cubic Tetragonal 
Space group 𝑃𝑚3̅𝑚 𝑃4/𝑚𝑏𝑚 
Z 1 2 
F(000) 261 522 
Temperature (K) 299.95(10) 150.00 (14) 200.00 (14) 249.95 (10) 
a/Å 6.3667(2) 8.9267(6) 8.9491(6) 8.9710(7) 
b/Å 6.3667(2) 8.9267(6) 8.9491(6) 8.9710(7) 
c/Å 6.3667(2) 6.3126(6) 6.3283(6) 6.3427(8) 
α/° 90 90 90 90 
β/° 90 90 90 90 
γ/° 90 90 90 90 
Volume/Å3 258.07(2) 503.03(8) 506.81(8) 510.45(10) 
Density (calculated) /gcm-1 4.073 4.146 4.115 4.092 
μ/mm-1 25.241 25.9 25.706 25.523 
2Θ range for data collection/° 6.4 to 55.678 6.454 to 56.202 6.438 to 56.048 6.422 to 55.902 
Index ranges 
-3 ≤ h ≤ 8,  
-8 ≤ k ≤ 1, -3 ≤ l ≤ 8 
-9 ≤ h ≤ 10, -3 ≤ k ≤ 
11, -8 ≤ l ≤ 1 
-11 ≤ h ≤ 3, -10 ≤ k ≤ 
9, -1 ≤ l ≤ 8 
-10 ≤ h ≤ 9, -11 ≤ k ≤ 
3, -8 ≤ l ≤ 1 
Reflections collected 584 1051 1064 1089 
Independent reflections 
90 [Rint = 0.0771, 
Rsigma = 0.0439] 
337 [Rint = 0.0445, 
Rsigma = 0.0423] 
343 [Rint = 0.0445, 
Rsigma = 0.0472] 
346 [Rint = 0.0420, 
Rsigma = 0.0403] 
Data/restraints/parameters 90/1/12 337/14/14 343/3/14 346/3/18 
Goodness-of-fit on F2 1.274 1.128 1.293 1.055 
Final R indexes [I>=2σ (I)] 
R1 = 0.0327, wR2 = 
0.0741 
R1 = 0.0648, wR2 = 
0.1579 
R1 = 0.0629, wR2 = 
0.1948 
R1 = 0.0445, wR2 = 
0.1159 
Final R indexes [all data] 
R1 = 0.0419, wR2 = 
0.0909 
R1 = 0.0781, wR2 = 
0.1677 
R1 = 0.0776, wR2 = 
0.2072 
R1 = 0.0655, wR2 = 
0.1323 
Largest diff. peak/hole / e Å-3 0.95/-1.37 4.11/-3.02 3.00/-2.31 2.31/-1.46 
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Using SCXRD, additional twinning at T < 150 K provided an indirect evidence of a phase 
transition due to the change in cation dynamics. However, it also complicated the 
structural solutions and a precise crystal structure was not obtained. The experimental 
SCXRD datasets collected at T = 120 K and T = 100 K were indexed in a primitive 
tetragonal unit cell for comparative purposes. The observed lattice parameters and 
volume of the pseudocubic unit cell V’ as a function of temperature show clear evidence 
for a second phase transition below 150 K (Figure 3-3 and Figure 3-4), which is consistent 
with low temperature PXRD results previously reported.173 At T = 100 K, three twins 
were modelled to deduce the unit cell in 𝑃4/𝑚𝑏𝑚. Further analysis on the data set of T 
= 120 K and T = 100 K of FAPbI3 by Dr. Fengxia Wei showed that the structure is not 
incommensurately modulated, since the modulation vectors are (0.33, 0.33, 0), (-0.33, 
0.33, 0) and (0, 0, 0.167) respectively, which are special positions. 
 
 
Figure 3-3 Change in lattice parameters as a function of temperature. A cubic to tetragonal phase 
transition was observed on cooling from 300 K to 250 K and a second phase transition was 
observed below 150 K. 
 
As shown in Figure 3-3, positive thermal expansion was observed along the principal 
axes. The deduced thermal expansion coefficients are: 250 K – 450 K (10-5/K): αa = 3.2, 
αv = 9.6 and 150 K – 250 K (10-5/K): αa = 4.9, αc = 4.8, αv = 14.8. FAPbI3, especially the 
tetragonal phase structure, showed relatively large thermoelastic responses in comparison 
to its inorganic analogues. Our findings on the thermal expansion parameters are in good 
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agreement with the measurement from PXRD by Seshadri et al.173 We also note that the 
thermal expansion coefficients of FAPbI3  are comparable to MAPbI3,
181 and are lower 
than the values in MA/FAPbI3 alloy, FA0.5MA0.5PbI3..
52 
 
3.2.2 Cation dynamics 
From the SCXRD data, it was possible to locate the orientations of the FA cations, which 
have hitherto been unresolved. Electron densities of the nitrogen atoms lying on the ab-
plane were observed, as shown in Figure 3-4 (a). Two possible carbon positions were 
observed in this dataset at 250 K with C-H bonds aligned parallel to the c-axis, which 
have been modelled using partial occupancies. The closest N···I distances are 3.7017(3) 
Å and 3.7966(4) Å, and the C···I distance is 3.8512(3) Å. For MAPbI3, where the cation 
positions were well defined at 100 K, the N···I distances in the orthorhombic phase are 
3.611 Å and 3.681 Å, and the closest C···I distance is 4.090 Å 67,68. The longer N···I 
distance in the FA perovskite indicate weaker hydrogen bonding.  
Figure 3-4 (a) FAPbI3 unit cell in P4/mbm at 250 K shows the alignment of FA cations observed 
by X-ray diffraction. View is along the c-axis where tilting of the octahedra is seen and the N-N 
axis lies along <110> in the ab-plane. (b) Illustration of two disordered formamidinium cations 
superimposed inside a pseudocubic cage. (c) Volume of the pseudocubic perovskite cell, V’, for 
FAPbI3 (blue), and the Pb-I-Pb angle (orange) as a function of temperature.  
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AIMD simulations was conducted for FAPbBr3 in tetragonal space group at T = 200 K. 
In agreement with the experimental observations, the calculations showed that the FA 
cation rotates around the N-N axis, with fixed positions of NH2 groups. Hydrogen 
bonding interactions between the NH2 groups and the PbI3
- cage presumably control the 
energy barrier for the motion of FA.182,183 Our results showed that NH2 groups were 
locked, leaving the CH group free to rotate. Statistical analysis of the AIMD simulations 
revealed that FA cations had two preferred orientations (Figure 3-5). In the first and 
statistically more probable orientation, the C-H bond of FA cation  lied within the ab plane 
( = 0) and pointed at the open face of the lead iodide framework. In the second 
orientation, the C-H bond was parallel to the c-axis ( = 90), similarly pointing at an 
open face. This observation agreed with the tetragonal symmetry where the c-axis depicts 
the unique axis of the unit cell.  
Figure 3-5 Statistical sampling of the FA cation orientation in the low temperature tetragonal 
phase is modelled by AIMD. The orientation is defined by (a) φ (the angle between the C-H 
vector and the a-axis) and (b) θ (the angle between the C-H vector and ab-plane). The statistical 
distributions of θ and φ are shown in (c). 
 
3.3 Crystal chemistry of FAPbBr3 
FAPbBr3 crystallizes in a similar fashion as MAPbBr3, with a = 5.9820(2) Å in a cubic 
space group of 𝑃𝑚3̅𝑚  at room temperature. Upon cooling, cubic-tetragonal phase 
transition occurs at around 250 K for FAPbBr3. Space group of 𝑃4/𝑚𝑏𝑚 was suggested 
by the indexing routine of CrysAlisPro.144 Similar to FAPbI3, octahedral tilting of the 
(a) 
(b) 
(c) 
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inorganic framework from a0a0a0 to a0a0c+ was observed in the cubic-tetragonal phase 
transition, as shown in Figure 3-6.  
 
Figure 3-6 Inorganic perovskite framework of the cubic FAPbBr3 and the octahedral tiling in 
tetragonal phase. 
 
The low temperature crystal chemistry of FAPbBr3 follows a similar trend to FAPbI3. 
Phase transitions were evident from the discontinuity of the volume change, as shown in 
Figure 3-7 (a), where α phase refers to the cubic phase FAPbBr3, β and γ phase are 
assigned to the two tetragonal phases in 𝑃4/𝑚𝑏𝑚. Such discontinuities are also observed 
in the changes in Pb – Br angles and lattice parameters (Figure 3-7 (b)), Pb – Br distances 
(Figure 3-7 (c) and the thermal parameters of Pb, the heaviest X-ray scatterer in this 
system (Figure 3-7 (d)). The thermal expansions of FAPbBr3 are: 250K – 400 K (10-5/K): 
αa = 5.2, αv = 15.9 and 150 K – 240 K (10-5/K): αa = 5.4, αc = 5.9, αv = 17.3. 
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Figure 3-7 (a) Pseudocubic unit cell volume, (b) Pb-Br-Pb angles and % changes in lattice 
parameters, (c) Pb-Br distances and (d) the Pb anisotropic thermal parameters of FAPbBr3 as a 
function of temperature.  
 
Unlike the clear indication of phase transition from cubic to tetragonal symmetry, the 
crystallographic changes below 160 K are subtler and hard to detect due to the increasing 
twinning on cooling. The Pb – Br – Pb angle on the ab plane reduces monotonically as 
the temperature decreases from 240 K, reflecting on the emergence of tetragonality. 
However, an increase in this angle was observed at 150 – 160 K (Figure 2 (b)), which 
reflects on the reentrant cubic pseudosymmetry. The non-linear decrease in the Pb – Br 
distance (Figure 2(c) and the slight increase in Pb ADPs (Figure 2(d)) in the same 
temperature range also suggests that the system undergoes subtle crystallographic 
changes that are not fully captured in the β phase model.    
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Although twining occurred on cooling since the α to β transition at 240 K, structural 
solutions of T < 150 K exhibited a different twining matrix to higher temperatures. Within 
the same crystal, SCXRD data at 200 K and 120 K, which are before and after the β to γ 
transition temperature, respectively, showed different orientation relationships between 
the two twins, as shown in Table 3-5. 
 
Table 3-5 Twining matrices of FAPbBr3. 
 
FA cations are fully disordered in the cubic α phase at room temperature. However, it is 
expected that due to the large size and asymmetric shape, there is a higher energy barrier 
for cation dynamics in FAPbBr3 than MAPbBr3.
184 As the temperature decreases, 
although the FA cation is still disordered in the tetragonal phase, the overall thermal 
motion of the FA cation forms a “disc” 𝑃4/𝑚𝑏𝑚  than a “sphere” in 𝑃𝑚3̅𝑚 . From 
SCXRD we could locate the positions of the nitrogen atoms from their electron densities, 
since the N – N axis of the FA cation lies parallel to the ab plane along the <110> 
directions in the tetragonal matrix. As shown in Figure 3-8, FAPbBr3 crystal structure at 
200 K (β phase) and 120 K (γ phases) show similar unit cells. Both structures were solved 
in the space group of 𝑃4/𝑚𝑏𝑚 with reasonable R1 values (around 5% modelling as 2 
twins and 7% as 1 single crystal).  In addition, at T = 120 K, the structure could also be 
modelled in 𝑃4𝑏𝑚, which is a polar sub-space group of 𝑃4/𝑚𝑏𝑚. Both 𝑃4/𝑚𝑏𝑚 and 
𝑃4𝑏𝑚 gave reasonable refinement parameters and were not distinguishable due to the 
T 
(K) Twin 
Twin 
Ratio 
Isolated 
reflection 
Over-
lapped 
reflection
s 
U11 U12 U13 U21 U22 U23 U31 U32 U33 
200  1 43.4% 402 256 1 0 0 0 1 0 0 0 1 
 
2 56.6% 403 256 0.5 -0.5 1.0 -0.5 0.5 1.0 -0.5 -0.5 0.0 
  
120  1 58.1% 355 288 1 0 0 0 1 0 0 0 1 
 
2 42.0% 349 288 -0.5 -0.5 1.0 -0.5 -0.5 -1.0 0.5 -0.5 0.0 
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insensitivity of light atoms in the presence of the heavy Pb as well as the additional 
twining on cooling. 
Figure 3-8 Pseudocubic perovskite cells of FAPbBr3 at 200 K (a) and (c), and 120K (b) and (d), 
respectively shown in thermal ellipsoids (50%). Red spheres represent bromine, blue represents 
nitrogen and brown represents carbon atoms. Hydrogen atoms were not assigned due to X-ray 
insensitivity in the presence of heavy scatters such as Pb and Br. Carbon atoms are modelled with 
partial occupies. 
 
Interestingly, thermal ellipsoids of cation and nitrogen showed different shapes at 200 K 
and 120K in addition to the reduction in sizes at the lower temperature. At 200 K, the 
favored orientation of the FA cation is that the N – N axis sits pointing the face of the ab 
plane, leaving the CH group free to rotate about the N – N axis (Figure 3-8 (a)). From the 
elongated shapes of the thermal ellipsoids of the organic cations shown in (b), in 
particular the carbon atoms, we can see there are also some disorders associated with 
rotations normal to the N – C – N plane. However, this rotation was significantly 
quenched at 120 K (Figure 3-8 (c) and (d)), with more defined distance between nitrogen 
and its nearest bromine. Such lock-in may be due to the stronger NH-Br hydrogen 
bonding.  On the other hand, the disorder of the carbon atom rotating about the N-N axis 
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is remained at 120 K in the structural model of 𝑃4/𝑚𝑏𝑚.  The quenched rotational 
disorder of the FA cation normal to its N – C – N plane may be the mechanism underlying 
the β to γ phase transition. The distortions of the cavity due to reduced lattice parameters, 
bond distances and different octahedral tilting modes can quench the dynamics of FA 
cations, thereby affect the symmetry of the system.185 Like the MA based perovskite 
systems, one explanation of the initiation of the phase transitions is that the induced tilting 
acts as a response to the reduced temperature, and hence the reduced entropy gain from 
disorder of FA cations. 186  The atomic positions of FAPbBr3 cubic and tetragonal space 
group are listed in Table 3-6 and structural solution and refinement is summarized in 
Table 3-7. 
 
Table 3-6 Atomic positions of the inorganic framework in FAPbBr3 (solved in tetragonal space 
group 𝑃4/𝑚𝑏𝑚). 
 
 
T (K) 
   
x y z Occ. Uiso Site Sym. 
300 1 Pb Pb1 0.500 0.500 0.500 1 0.057(1) 1b m3m 
 2 Br Br2 0.000 0.500 0.500 1 0.17(3) 3c 4/mmm 
 
 200 1 Pb Pb1 0.000 0.000 0.500 1 0.053(1) 2b 4/m 
 
2 Br Br2 0.238(1) 0.738(1) 0.500 1 0.098(2) 4h m2m 
 
3 Br Br1 0.000 0.000 0.000 1 0.106(3) 2a 4/m 
 
4 N N6 0.607(1) 0.107(1) 0.000 1 0.28(3) 4g m2m 
 
5 C C5 0.000 0.500 0.119(8) 0.5 0.12(4) 4f 2.m 
 
120 1 Pb Pb1 0.000 0.000 0.500 1 0.039(1) 2b 4/m 
 
2 Br Br2 0.233(1) 0.733(1) 0.500 1 0.093(5) 4h m2m 
 
3 Br Br1 0.000 0.000 0.000 1 0.106(7) 2a 4/m 
 
4 N N1 0.607(1) 0.107(1) 0.000 1 0.22(7) 4g m2m 
 
5 C C2 0.000 0.500 0.121(1) 0.5 0.10(1) 4f 2m 
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Table 3-7 Crystallographic data and refinement of FAPbBr3. 
*H positions were not considered in the structural solution due to the difficulty of detecting light H in the 
presence of heavy Pb and Br in X-ray diffraction. 
Empirical formula Br3C2NPb 
Formula weight 491.99 
Crystal size/mm3 0.18 × 0.16 × 0.13 
Radiation MoKα (λ = 0.71073) 
Crystal system Cubic Tetragonal 
Space group 𝑃𝑚3̅m 𝑃4/𝑚𝑏𝑚 
Z 1 2 
F(000) 212 414 
Temperature (k) 300.1(5) 120.10 (14) K 200.00 (14) K 
a/Å 5.9820(2) 8.3738(3) 8.4179(3) 
b/Å 5.9820(2) 8.3738(3) 8.4179(3) 
c/Å 5.9820(2) 5.9189(4) 5.9488(4) 
α/° 90 90 90 
β/° 90 90 90 
γ/° 90 90 90 
Volume/Å3 214.063(19) 415.04(4) 421.54(4) 
Density (calculated) /gcm-1 3.777 3.897 3.836 
μ/mm-1 33.612 34.672 34.137 
2Θ range for data 
collection/° 6.812 to 55.778 6.882 to 56.406 6.846 to 56.11 
Index ranges -2 ≤ h ≤ 7, -1 ≤ k ≤ 7, -7 ≤ l ≤ 3 -10 ≤ h ≤ 3, -7 ≤ k ≤ 7, -7 ≤ l ≤ 2 -7 ≤ h ≤ 8, -2 ≤ k ≤ 10, -3 ≤ l ≤ 7 
Reflections collected 380 687 703 
Independent reflections 75 [Rint = 0.0376, Rsigma = 0.0215] 272 [Rint = 0.0197, Rsigma = 0.0260] 254 [Rint = 0.0204, Rsigma = 0.0184] 
Data/restraints/parameters 75/0/9 272/3/17 254/3/17 
Goodness-of-fit on F2 1.018 1.216 1.169 
Final R indexes [I>=2σ (I)] R1 = 0.0269, wR2 = 0.0599 R1 = 0.0751, wR2 = 0.2000 R1 = 0.0698, wR2 = 0.1786 
Final R indexes [all data] R1 = 0.0275, wR2 = 0.0586 R1 = 0.0822, wR2 = 0.2096 R1 = 0.0795, wR2 = 0.1924 
Largest diff. peak/hole / e Å-
3 
0.76/-0.85 4.46/-1.30 2.87/-0.98 
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3.4 High pressure crystallography of FAPbI3 
 
Figure 3-9 (a) Experimentally measured volume of the pseudocubic cell, V’, for FAPbI3 (black 
points) and the Pb-I-Pb angle (blue points), (b) illustration of phase transition under hydrostatic 
pressure. 
 
Increasing the pressure from the ambient condition led to a reduction of the lattice 
parameters and Pb – I bond lengths, e.g. a = 6.3413(2) Å at p = 0.247 GPa. When 
p = 0.494 GPa, a phase transition was observed. In analogy with the VT SCXRD study, 
the indexing routine implemented in CrysAlisPro suggested body-centered cubic as the 
lattice type. However, close inspection of the (hk0) precession image indicates systematic 
absences contradicting the assignment of 𝐼𝑚3̅ . Following Glazer tilt notations, and 
thereby eliminating many space group possibilities, a structure solution in 𝑃4/𝑚𝑏𝑚 was 
attempted. The tetragonal solution gives improved refinement values with respect to 
solution in a cubic: R1 = 6.50 % with a = 8.9148(6) Å and c = 6.3138(7) Å. Similar to the 
VT study, twinning of the crystal over the phase transition challenges structure 
solution.178 The diffraction intensities that would indicate doubling of the unit cell could 
be explained by twinning. Twinning was explicitly taken into account during structure 
solution and refinement for datasets with p > 0.25 GPa.The phase transition was signaled 
by a reduction of the Pb –I –Pb angles within the ab – plane to 169.5° at p = 0.494 GPa. 
Increasing the pressure to p = 0.741 GPa further reduces the Pb – I – Pb angle to 162.0° 
and simultaneously the lattice parameters to a = 8.8430(6) Å and c = 6.27090(6) Å. The 
unit cell volume of the pseudocubic perovskite cell (V’) as a function of pressure is given 
in Figure 3-9 (a). This structural model did not include the formamidinium cation, which 
is not well-defined in the high-pressure experiments, the octahedral tilting is shown in 
Figure 3-9 (b). High-pressure single crystal diffraction experiments were performed by 
the author, Dr. Fengxia Wei and Dr. Gregor Kislech at I15 Diamond Light Source to 
further investigate the crystal chemistry of FAPbI3. Structural solutions were deduced by 
Dr. Gregor Kieslich. 
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3.5 Electronic structures 
To understand the effect of phase transition on electronic structures, ground state DFT 
calculations were performed by Zeyu Deng using the experimental lattice parameters to 
analyse the impact of the phase transition on the electronic properties. Since the band 
edges in APbX3 materials solely exhibit contributions from the inorganic framework, the 
cage was considered, with charge balance maintained by adding a positive background 
charge in the calculations.69 We note that DFT calculations with spin-orbit coupling 
generally underestimate the band gap; however, as we are only interested in relative 
changes of the band gap, this is not of further concern (see Fig. 2 in Ref. 187). As expected, 
the calculated band gap decreases by 0.017 eV from T = 300 K (0.148 eV) to T = 250 K 
(0.131 eV), because of reduced lattice parameters and Pb – I bond lengths. After the phase 
transition to the tetragonal phase, a Pb – I – Pb angle smaller than 180 is expected to 
increase the band gap due to a weaker orbital overlap69 and therefore counteracts the 
effect of reduced cell dimensions and bond lengths on the band gap. For FAPbBr3, the 
calculated electronic band gaps also show a decrease from cubic to tetragonal space 
group, with 0.557 eV and 0.504 eV for 300 K and 120 K structure, respectively.  
 
With increasing pressure, on the other hand, at p = 0.247 GPa, the reduced lattice 
parameters and concomitantly the Pb – I bond lengths in the cubic FAPbI3 phase leads to 
a slight reduction of the band gap. This reduction is caused by increased hybridization of 
the Pb – I antibonding states near the band edges leading to a shift in their energy. Further 
increase in pressure leads to the reduction in the Pb– I – Pb angle within the ab plane. 
When p = 0.494 GPa, the reduced lattice parameters and Pb – I bond lengths still have a 
larger lowering effect on the band gap than the reduction in Pb – I – Pb angle to about 
170°. However, when the angle decreases to 162.27° at p = 0.741 GPa, the significant 
tilting leads to more pronounced influence on the bonding. At this pressure, the Pb – I – 
Pb angle governs the band gap, which now exceeds the initial band gap at ambient 
pressure by 0.05 eV. 
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3.6 Conclusions and future work 
In summary, variable temperature and high-pressure crystal structure and chemistry of 
the FA lead halides were investigated using SCXRD in order to understand the structural 
response of hybrid perovskites to an external stimulus such as pressure or temperature. 
Two phase transitions from a cubic modification to lower symmetry were found at low 
temperatures on both FAPbI3 and FAPbBr3. The cubic-tetragonal phase transition 
temperatures are 260 K – 280 K for iodide and 240 – 250 K for bromide perovskites 
respectively. 𝑃4/𝑚𝑏𝑚 is a possible space group for low temperature FA lead halide 
structures. Further cooling to around 150 K, a second phase transition was observed for 
both iodide and bromide perovskites, which could be also solved in both 𝑃4/𝑚𝑏𝑚 and 
P4bm with reasonable refinement.  
 
Cation dynamics was found to be hindered at the low temperatures, and hence the 
different degrees of the rotational disorder lead to observed order-disorder phase 
transitions. In addition, hydrostatic deformations of the FAPbI3 were studied by high 
pressure SCXRD. Similar to the low temperature study, octahedral tilting could be used 
to describe behavior of FAPbI3 under hydrostatic pressure and the crystal structure at p = 
0.494 GPa could be solved in 𝑃4/𝑚𝑏𝑚. Importantly, the present study established for 
the first time the orientations of the formamidinium cations in the low temperature phase. 
In the tetragonal phase with a0a0c+ octahedral tiling system, rotational disorder of the 
cation dynamics is hindered, with the N – N axis of the FA cation found aligning parallel 
to <110> in 𝑃4/𝑚𝑏𝑚.  
 
Our study emphasizes that a thorough analysis of single crystal X-ray data is important 
as twinning challenges the standard indexing routines. By employing ab initio MD 
simulations, the dynamics of the FA cation in the tetragonal phase was studied. Two 
preferred orientations were found, with C-H bond rotating along the N – N axis, which 
were in good agreement with the experimental data. For phase transitions below 150 K, 
further neutron diffraction studies could be applied to distinguish 𝑃4/𝑚𝑏𝑚 and 𝑃4𝑏𝑚 
and determine the crystal structure at extremely low temperatures with fully ordered 
cations. As anticipated, the DFT calculations show that the low temperature and high-
pressure electronic structures are governed by the interplay between reduced lattice 
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dimensions and octahedral tilting. We show these are the dominant factors in determining 
the bandgap, which can be tuned through pressure.  
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Chapter 4 Intrinsic strain in lead 
bromide perovskites 
 
In this chapter, the intrinsic strain in the cubic hybrid bromide perovskites was studied 
systematically by powder X-ray diffraction. Comparative studies on FAPbBr3 and 
MAPbBr3 were first conducted and the results showed that the cubic FAPbBr3 lattice was 
more strained. To better model this large strain effect quantitively, synchrotron PXRD of 
FAPbBr3 was collected at 290 K and modelled using Rietveld refinement. The origins of 
the anisotropic strain effects were explored by density functional theory (DFT) and high-
resolution transmission electron microscopy (HRTEM). Our study reveals the interplay 
between the A-site cations and the inorganic framework. 
 
 
 
 
 
Results in this chapter are currently in preparation and will be submitted for 
publication in the near future. 
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4.1 Overview 
FAPbBr3 was recently reported to show a superior carrier lifetime and diffusion length 
compared to MAPbBr3 in both single crystals
46 and solution processed thin films.188 
Furthermore, although the bandgap of FAPbBr3 is 2.3 eV, Meng et al. reported that it also 
displays a sub-bandgap emission at 1.7 eV, which makes it a promising candidate for 
light-emitting diodes.39 These observations have raised interest in the intrinsic properties 
of these perovskites, in particular the defects, cation disorder, and lattice distortions that 
can influence their exceptional properties. However, despite their outstanding device 
performances, little is known about the intrinsic structural differences between FA and 
MA bromide perovskites. The links between the A cation sizes and their lattice 
distortions, for example, remain unresolved. 
 
4.1.1 Strain and device performances 
In terms of crystal chemistry, both MAPbBr3 and FAPbBr3 adopt a cubic perovskite 
structure at room temperature with the space group 𝑃𝑚3̅𝑚 .46  From rocking curve 
analysis on the (100) planes, the full width at half maximum (FWHM) of FAPbBr3 is 
only very slightly higher than its MA counterpart.46 It has been recently shown that lattice 
relaxation by annealing leads to improved photovoltaic performance in MA based 
perovskites. The highest efficiency was achieved at the annealing temperatures that led 
to the least lattice strains.189 Here we note that by replacing MA with FA, the crystal 
chemistry becomes more complicated, as discussed in Chapter 3. Although in both cases 
the cations are disordered, computational studies show that the larger size and anisotropic 
shape of the FA cations create a higher rotational energy barrier.182,184 FAPbI3, also a 
cubic perovskite, was recently reported to exhibit improved phase stability when alloyed 
with MA and Br as a result of strain relaxation along [111].73 This observation encouraged 
us to perform systematic studies on the intrinsic strains of the hybrid perovskites, which 
should provide a solid platform for designing perovskite alloys and improving their 
device performance. 
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4.1.2 Lattice distortions in perovskites  
Lattice distortions and inhomogeneous strain fields have been observed in inorganic 
perovskite structures. For example, lead zinc niobium oxide (PZN), known as an excellent 
relaxor ferroelectric with space group of 𝑅3𝑚, exhibits anisotropic strain broadening in 
its neutron diffraction pattern.190,190 Similar anisotropic line broadening was also 
observed in lead zirconate titanate (PZT); this was attributed to the size mismatch from 
Zr doping on Nb or Ti sites as well as the resultant shifts of the Pb ions.191 Noteworthy, 
although there has been no systematic modelling of the anisotropic peak broadening 
reported on HOIPs, Vogt et al. observed different pressure dependent strains along 
<100>, <110> and <111> on the cubic MASnI3 with high pressure X-ray powder 
diffraction.130 In particular, the study argued that the symmetry allowed octahedral tilting 
displaces the Sn-I-Sn linkages away from <100>, which stabilized the lattice strains along 
<100>, while strains in non-<100> directions increases with pressure. 
 
4.1.3 Purpose of the present study 
Motivated by the recent interest in improving the perovskite stability by strain relaxation, 
the present work was focused on the intrinsic strain in the lead bromide perovskites. It 
becomes important to understand how much the perovskite framework is distorted and in 
which directions. In their recent study, Seshadri et al. reported a key aspect of the 
inorganic framework of HOIPs potentially impacting the electronic, thermal, and 
dielectric properties, which is the off-centering of the Pb and Sn at room temperature due 
to lone pair stereochemistry.192 Such local off-centering is expected to be unobservable 
in the traditional X-ray diffraction technique based on Bragg crystallography.131 
However, in this study, we were able to model this intrinsic anisotropy of based upon 
Rietveld analysis of powder X-ray diffraction (PXRD) data. Using laboratory X-ray 
diffraction, we examined the strained nature of the perovskites on the entire powder 
pattern of MAPbBr3 and FAPbBr3, instead of analysing individual Bragg reﬂections. We 
then focused on FAPbBr3, which exhibited large anisotropic strains, by analysing the 
synchrotron PXRD pattern. To further understand the dynamics in the FAPbBr3, DFT 
calculations were employed, which shed light on the A-cation behaviour and its effect on 
the inorganic cage. To confirm that the observed strain effect in X-ray diffraction is an 
intrinsic characteristic, HRTEM was applied using the as-synthesised sample with no 
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mechanical grinding or post-synthetic treatment and direct evidence of lattice distortions 
was observed.  
 
4.2 Theoretical background  
4.2.1 Origin of Line broadening in PXRD 
The powder diffraction pattern obtained from X-ray diffraction contains a wealth of 
information in addition to the crystal phase identification, as shown in Figure 4-1. 
 
Figure 4-1 Information content of PXRD pattern, reproduced from Powder diffraction: theory 
and practice (edited by Dinnebier and Billinge).193 
 
Considering the peak profile, line broadening in PXRD consists of the contribution from 
an imperfect instrument and an imperfect sample. Mathematically, it forms a convolution 
of the two effects. The instrumental contribution can rise from the finite size of the 
radiation source and diffracting volume of the sample, axial divergence, the configuration 
of the slits used in the diffractometer, any misalignment of the diffractometer and so on.194 
In Gaussian and Lorentzian peak functions, the instrumental function convolve in 
different ways, shown as the following: 
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Gaussian: 
𝐵𝑡𝑜𝑡𝑎𝑙 
2 = 𝐵𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 
2 +  𝐵𝑠𝑎𝑚𝑝𝑙𝑒 
2 
Lorentzian: 
𝐵𝑡𝑜𝑡𝑎𝑙 = 𝐵𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 +  𝐵𝑠𝑎𝑚𝑝𝑙𝑒 
where B is the integral breath of individual peaks. 194 The instrumental broadening is 
commonly measured using a material such as LaB6 (NIST standard) which shows little 
broadening and it can be neglected if Binstrument << Bsample. 
 
The observed sample broadening, Bsample can be related to the major two sources from the 
crystal structure: limited crystallite size (coherence length) or strain (inhomogeneous 
variation in d-spacing), as discussed in the next section. Size broadening is diffraction 
order independent, but, strain broadening increases with diffraction order. The former 
tends to be more dominant at lower angles.195 
 
4.2.2 Sample broadening 
 Crystallite size 
In 1918, Scherrer related the volume-averaged crystallite size, L, of a powder to the 
broadening, B, of its powder diffraction peaks as the following:  
𝐵𝐿 =  
𝐾𝜆
𝐿𝑐𝑜𝑠𝜃
 
where θ is the Bragg reflection angle, λ is the radiation wavelength, and K is a constant 
close to unity depending on the crystallite shapes. The use of peak broadening to 
determine crystallite size is normally limited to cases where the average crystallite size 
is ≤ 1 μm. 
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 Strain 
The presence of lattice strain alters the d spacings, as shown in Figure 4-2.  
Figure 4-2 Schematic illustration of the effects of strain on peak profile.194 
 
If crystallites were all strained by the same amount, a peak shift from 2θ°to 2(θ + δθ)° 
would be observed, as seen in Figure 4-2 (b).  However, under inhomogeneous strain, for 
example a lattice defect shown in Figure 4-2(c), different crystallites are strained by 
different amounts and hence result in different peak shifts. The overall effect of such 
strain is peak broadening and it follows the relationship to the Bragg angle as the 
following: 
𝐵𝜀 =  𝐶𝜀 𝑡𝑎𝑛𝜃 
where ε is the strain and C is a constant depending on the nature of the strain.194 
 
Peak shifts and broadening in X-ray diffraction refers to the crystal imperfection and 
microstructure shows the extent and quality of the crystal imperfection. Considering the 
microstructural origin of the strain, the most common sources of strain include 
dislocations (density > 5 ×1012 m-2), stacking faults, twinning, microstresses and internal 
stresses, grain boundaries, chemical heterogeneities, interstitials and vacancies etc.195 In 
addition, the disorder along the direction of stacking of atomic planes can change the 
coherency of diffraction along that direction, and hence such “faults” in the crystal lattice, 
for example anti-phase domain boundaries, can also lead to hkl-dependent peak 
broadening.138 
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4.2.3 Peak analysis 
 Williamson-Hall Plot 
The Williamson and Hall plot is a classical method developed by G. K. Williamson and 
his student, W. H. Hall, to obtain qualitative information of anisotropy in broadening.196 
The method separates the size and strain contributions to X-ray peak profile (integral 
breadth) based on the different angular dependencies of the two effects, since the size 
contribution varies as 1/cosθ and the strain as tanθ. Assuming the peak shape is 
Lorentzian, the peak broadening can be described as: 
𝐵𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐵𝐿 + 𝐵𝜀 =
𝐾𝜆
𝐿𝑐𝑜𝑠𝜃
+  𝐶𝜀 𝑡𝑎𝑛𝜃 
Rearranging the equation we obtain: 
𝐵𝑠𝑎𝑚𝑝𝑙𝑒𝑐𝑜𝑠𝜃 =
𝐾𝜆
𝐿
+  𝐶𝜀 𝑠𝑖𝑛𝜃 
By plotting Bsamplecosθ versus sinθ, the strain component from the slope (Cε) and the size 
component from the intercept (Kλ/L) can be obtained.  
 
 Anisotropic peak broadening model 
In 1998, Stephens developed a phenomenological fit for peak widths which are not 
monotonic functions of the diffraction angle, known as anisotropic strain broadening.197 
The model considers the distribution of lattice metric parameters within the powder 
diffraction sample and each crystallite is regarded as having its own lattice parameters, 
with a distribution throughout the powder sample.198 This model doesn’t include size 
effects and microstructural defects such as stacking faults.  
The Stephens model defines the variance in (1/d)2, (written as Mhkl) according to the 
following relationship:  
                                  σ2(𝑀hk𝑙) = ∑ 𝑆HKL h𝐻𝑘𝐾𝑙𝐿, where H + K + L = 4.197 
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In a crystal lattice with cubic symmetry, for example, S400 = S040 = S004 and S220 = S202 = 
S022. Hence the two independent anisotropic strain parameters, S400 and S220, can be 
refined to achieve optimal fits. In this case, 
 𝜎2(𝑀ℎ𝑘𝑙) = S400(ℎ
4 + 𝑘4 + 𝑙4) + S220(ℎ
2𝑘2 + 𝑘2𝑙2 + ℎ2𝑙2) 
 
4.3 Comparative studies of FAPbBr3 and MAPbBr3 
In terms of crystal chemistry, both MAPbBr3 and FAPbBr3 adopt a cubic perovskite 
structure at room temperature with space group 𝑃𝑚3̅𝑚.46 FAPbBr3 has a slightly larger 
unit cell (the Pb-Br bond is 1.1% longer than in MA) and a higher tolerance factor (1.01 
versus 0.93).6,133Although the structure and phase stability of MAPbBr3 perovskites have 
been widely studied,57,60,171,199 fewer reports have focused on FAPbBr3.
129,200 
  
Figure 4-3 Williamson-Hall plot of FAPbBr3 and MAPbBr3 at room temperature; the slopes are a 
measure of the relative strains in the two systems. The integral breadth is defined as the ratio of 
the peak area and peak height. 
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From the Williamson-Hall plots obtained from laboratory PXRD patterns of MAPbBr3 
and FAPbBr3 collected under ambient conditions up to 135° 2θ (Figure 4-3 (a)), peak 
broadening ascribed to microstrain is clearly the dominant factor in well-ground samples 
of these materials. Broadening due to size effects is very small (note the small intercept 
on y-axis) and hybrid lead bromide perovskites tend to form cubic crystallites with no 
significant size anisotropy. A higher average strain level was observed in FAPbBr3 than 
its MA counterpart. This may be attributed to the large size of FA cation, since the high 
tolerance factor of FAPbBr3 suggests that it sits at the edge of perovskite structural 
stability range. Interestingly, we observed that peaks are sharper for the (h00) peaks in 
both MA and FA samples. For example, the (002) and (004) peaks clearly lie below the 
line of best fit shown in Figure 4-3. Post-synthetic treatment was tested as a method to 
minimize the effects of strain. After annealing the samples at 100 ℃ for 4 hours, some 
isotropic thermal strains are induced but the observed anisotropic peak broadening 
features remained essentially the same, as shown in Figure 4-4. The consistent peak 
profile after temperature cycling suggests that the observed strains are due to intrinsic 
structural features.  
 
Figure 4-4 A representative section of the experimental PXRD pattern, starting from (004), of (a) 
MAPbBr3 and (b) FAPbBr3 before and after annealing at 100 ℃ for 4 hours. Consistent peak 
characteristics are observed after annealing. The peak splitting arises from Cu Kα1 and α2 
radiation.  
 
Rietveld refinement was carried out on both MAPbBr3 and FAPbBr3 using Topas using 
using the fundamental parameters approach and a full axial divergence model139,140 and 
the refinement parameters were improved in both samples using the anisotropic peak 
broadening model, as shown in Figure 4-5. Improvements in refinement parameters were 
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observed, with the Rwp dropped from 9.85% to 4.95% for FAPbBr3 and from 8.82% to 
6.63% for MAPbBr3 (excluding low angles below 20
°). 
 
Figure 4-5 A representative section of Rietveld refinement of MAPbBr3 and FAPbBr3 with 
isotropic refinement and anisotropic strain broadening refinement. In both samples, observed 
peak profile of (004) is much sharper than the adjacent (041) and (033) peaks.   
 
4.4 More quantitative analysis on FAPbBr3 
FAPbBr3 exhibits large anisotropic strain and in order to better quantify its strain 
contribution to the peak profiles, synchrotron PXRD data (λ = 0.80603 Å) were collected 
for FAPbBr3 at 290 K on beamline I11 at the Diamond Light Source (see Chapter 2 for 
experimental details). Rietveld refinements were carried out using Topas Academic 
Version 5.1139 with both isotropic and anisotropic broadening models, as shown in Table 
4-1.  
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Table 4-1 Rietveld refinement details of FAPbBr3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: the disordered organic cations are modelled as C (x =-0.5,y =-0.5, z =-0.5, occupancy 1) and N (x =-
0.5, y =-0.656,z =-0.5, occupancy 0.33), according to the single crystal diffraction electron densities in 
Chapter 3 and refined with a maximum Biso of 20.201 
 
The model with isotropic broadening gave a reasonable refinement, but, it was a relatively 
poor fit compared to that obtained using Stephens’ phenomenological model of 
anisotropic peak broadening,197 as shown in the reduced differences between observed 
and calculated pattern (dark grey lines) in Figure 4-6 (a), (b) and (c). This is particularly 
noticeable at higher angles. For example, the isotropic refinement clearly underestimates 
the sharpness of the (004) peaks in Figure 4-6 (c). The observation that peaks for the 
(h00) were sharper than the (hh0) and (hhh) peaks indicates the presence of anisotropic 
broadening. 
Formula CH5Br3N2Pb 
Strain model Isotropic Anisotropic 
a (Å) 5.99248(10) 5.99193(8) 
V (Å³) 215.189(11) 213.130(9) 
Rp, Rwp 1.23%, 2.03% 1.00%, 1.37% 
RBragg 2.24% 1.83% 
Space group 𝑃𝑚3̅𝑚 
Z 1 
pcal. 3.76 
2θ range 6 to 60 
Diffractometer I11, Diamond Light Source, Mythen 
Pb, xyz 0, 0, 0 
Br, xyz -0.5, 0, 0 
Pb, U11 = U22 =U33 0.0391(5) 0294(3) 
Br, U11, U22=U33 0.0090(15),0.1109(13) 0105(9),0.1139(9) 
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Figure 4-6 Rietveld refinement of FAPbBr3 at 290 K was carried out using both isotropic and 
anisotropic broadening models, as shown in the left and right-hand columns in the figure. 
Representative sections of the refinements are shown for (a) (001), (b) (002) and (c) (004), 
(322)/(041) and (033)/(411) reflections, respectively. The black lines show the differences 
between the observed and calculated patterns. 
 
In Stephens’ formalism, anisotropic strain parameters, 𝑆HKL, were introduced to measure 
the covariance of the distribution of peak widths.197 Leineweber et al. further expanded 
the Stephens model with a physical meaning and an increase in 𝑆HKL parameters can be 
interpreted as a broadening of the distribution of the lattice parameters.202 The unscaled 
anisotropic strain parameters obtained from Topas for cubic symmetry, S400 and S220 
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showed that S400 was around 26 time smaller than S220 at 290 K, which quantified the 
anisotropic strain broadening in the cubic phase of FAPbBr3 (see Appendix Table-A 2).  
Figure 4-7 shows the full anisotropic Rietveld refinement of FAPbBr3 with the Stephens 
model. Refinement for high angle reflections are shown in the inset. 
 
Figure 4-7 Full range of Rietveld refinement with anisotropic peak broadening, Rwp = 1.37% (the 
hump at low angle arises from the cream used to mount the sample). 
 
The experimentally observed FWHMs of FAPbBr3 are plotted as a function of 2θ° in 
Figure 4-8 (a). The data was extracted from Topas using the implemented Pseudo-Voigt 
profile function.139,140 The monotonic increase in peak width with the diffraction angle 
refers to isotropic lattice strain and the sharper (h00) peaks in comparison to other peaks 
indicate the presence of the anisotropically strained lattice. This anisotropy and the 
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resultant variations in FWHMs are well captured in the Stephens’ model, as shown in 
Figure 4-8 (b).  
Figure 4-8 (a) Experimental observed FWHM of the synchrotron PXRD data on FAPbBr3, 
revealing the sharper (h00) peaks. (b) Calculated sample peak profile assuming Lorentzian peak 
shape using Stephens’ anisotropic strain broadening model.  
 
Figure 4-8 (b) presents the calculated sample broadening, where anisotropic strain 
parameters were applied to the Lorentzian component of the peak function without the 
instrumental broadening (~0.02° from the 0.3 mm capillary used and ~0.004° from the 
detector).141 The trend shown in the calculated peak widths are qualitatively comparable 
to the experimentally observed FWHMs. The Stephens model indicates that <hhh> is 
most strained direction while <h00> being the least strained. Interestingly, in our dataset 
collected at 290 K, the experimental peak profiles show that the FWHM of (011) > (111), 
whereas (022) < (222). This difference may be due to axial divergence at low angles or 
sample imperfections. The modelled three-dimensional strain field is visualised in Figure 
4-9 using GSAS software by Dr. Yue Wu from the author’s research group, showing the 
most strain along the <hhh> directions.203 We were not able to obtain the strain field 
diagrams from the laboratory PXRDs, due to the instrumental influences. Interestingly, 
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our finding is supported by the recent PDF study by Seshadri et al., where a local off-
centering of Pb along <111> were observed.192 
 
Figure 4-9 (a) The three-dimensional strain field plotted using GSAS and (b) its contour plot on 
(100) plane. 
 
4.5 Origin of the strain 
4.5.1 Lattice dynamics 
A variety of factors could be responsible for the observed anisotropic features in the X-
ray patterns of lead halide perovskites, but we shall argue that they are primarily a result 
of the interplay between the cation rotations at room temperature and the tilting of the 
inorganic framework due to the local off-centering instabilities of Pb and Br.  
 
We first discuss the dynamics of the inorganic framework. Local distortions is common 
in halide HOIPs due to the soft and dynamic nature of the lead halide framework.170 Using 
high energy resolution inelastic X-ray (HERIX) scattering, Beecher et al. recently 
reported the rotational instabilities of the PbI6 octahedra in single crystal MAPbI3, which 
were present at room temperature and above. The observed non-centrosymmetric, 
instantaneous symmetry-broken local structure was attributed to the combined effects of 
octahedral tilting, MA cation orientations and Pb off-centering.131 Furthermore, recent 
PDF study on ABX3 (A = MA or FA, B = Sn or Pb and X = Br or I) attributed these 
symmetry-lowering distortion phenomena to the dynamic off-centering of the lone 
pairbearing group IV metal.192  
 Chapter 4: Intrinsic strain in lead bromide perovskites 
     
Regarding the structure of FAPbBr3, as discussed in Chapter 3, Br anion shows 
anisotropic thermal parameters, forming highly oblate thermal ellipsoids that lie normal 
to the Pb-Br bonds seen in the SCXRD at room temperature (Figure 4-10). The local 
distortions of the Br anions and octahedral tilting, leading to local deviation of the Pb – 
Br – Pb angles away from 180° by up to 15°,201 contributes to the local strains and hence 
the hkl-dependent peak broadening. Similar disc-shaped thermal ellipsoids have also 
been observed previously in MAPbBr3.
170 
 
Figure 4-10 Crystal structure of the cubic lead bromide framework at room temperature with the 
disordered A-site cation in the middle of the cavity obtained from SCXRD (left). The structure 
of a FA ion is shown on the right. Key: dark brown spheres represent bromine, grey lead, blue 
nitrogen and light brown represent carbon. ADPs are shown with 50% probability.     
 
The dynamics of the inorganic framework discussed above is closely related to the nature 
of the organic cations. Recent NMR study revealed that due to weaker hydrogen bonding, 
FA cations reorient faster than MA cations in both pure and mixed hybrid lead iodide 
phases.204 To understand the role of the organic cation rotation underlying the anisotropic 
strain, we then explored the effect of cation dynamics on the FAPbBr3 perovskite 
framework. It is believed that the Br positions are dynamic and distorted; however, Pb is 
the heaviest X-ray scatterer in the system. We therefore studied the effect of cation 
rotation on the Pb – Pb distance via DFT calculations (performed by Dr. Federico Brivio 
in the author’s department).  
In an ideal cubic cage, the FA cation can rotate freely, along three orthogonal axes 
oriented along the <h00> axes. In particular, we focused on the rotation along the axis 
parallel to the N-N direction of the FA cation. Rotation around this axis has the lowest 
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energy barrier because it does not significantly change the distance between the NH2 
groups and the halide,184 and it is consisted with the proposed structural model for the 
tetragonal phase at lower temperatures (as discussed in Chapter 3). Starting from the 
cubic inorganic framework with the N – N axis of the FA cation lying along the <100> 
direction, we rotate the N-C-N plane along the N-N axis by 15°, 30° and 45°, respectively, 
as shown in Figure 4-11 (a). At each step, completely optimized structures were obtained 
(Figure 4-11 (b)). The different orientations of the molecule induce different tilting in the 
inorganic cage with a consequent variation in the inter-plane distances along different 
crystallographic directions. We can consider the final structures as representative of the 
local distortions that occur in the crystal. Deviations from the mean d-spacings along 
<001>, <011> and <111> are shown in Figure 4-11 (c) (computational methods are 
described in Chapter 2).  
 
 
Figure 4-11 (a) Rotation of the molecule in the ideal cubic cage along N-N axis of the FA cation. 
(b) Optimized structure as a in function of the molecule rotations. It is possible to observe the 
rearrangement of the bromine atoms as a function of the molecule position and the distortion of 
the cell. (c) Standard deviation of the interplanar spacings with specific cation orientations from 
the mean d-spacing along the three directions <001>, <011> and <111>. 
 
As seen in Figure 4-11 (c), interplanar spacings along <001> show the least changes as 
the rotation angle increases, consistent with the observations in the X-ray patterns. 
Although on average the cation is fully disordered and Pb vibrates in all directions, since 
 Chapter 4: Intrinsic strain in lead bromide perovskites 
     
the molecule is not symmetric, neither is the local deformation of the octahedra and the 
local displacements of Br and Pb. The interplay between the disordered FA cation 
dynamics and the deformation of the Pb-Br perovskite cage leads to the breaking of local 
symmetry and hence contributes to the anisotropic broadening observed experimentally. 
 
Following the observations of local symmetry breaking, it is necessary to understand the 
locations of the Pb and Br without crystallographic symmetry constraints. AIMD 
simulations were performed on FAPbBr3 at 300 K based on experimental lattice 
parameters from SCXRD (simulations conducted by Zeyu Deng). The deviations of the 
Pb···Br bond distances away from their crystallographic average in the cubic symmetry 
confirmed the dynamic nature in FAPbBr3. The computed interatomic distances of 
Pb···Br were compared with MAPbBr3 using radial distribution function, as shown in 
Figure 4-12.  
Figure 4-12 Computed radial distribution functions (g(d)) of (a) MAPbBr3, (b) FAPbBr3 and (c) 
their comparison for Pb···Br interatomic distances.  
 
Interestingly, despite the fact that FAPbBr3 has a larger unit cell, our computational study 
revealed that the closest Pb···Br interatomic distances are at around 2.88 Å for MAPbBr3 
and 2.83 Å for FAPbBr3 respectively. It seems likely that lone pair effects associated with 
dynamical distortion of the PbBr6 octahedra lead to a combination of shorter and longer 
Pb – Br bond lengths, as seen statically in tin halides.205,206 The larger deviation between 
the crystallographic Pb – Br bond lengths and the computed closest Pb···Br interatomic 
distances in FAPbBr3 indicate more structural distortions compared with its MA 
counterpart. 
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4.5.2 Microstructural defects 
In addition to the modelled anisotropic strain field shown in the X-ray patterns, we 
observed direct evidence of lattice distortions in FAPbBr3 using transmission electron 
microscopy (TEM). To confirm the presence of intrinsic lattice strain, as-synthesised 
polycrystalline samples were used at room temperature without any mechanical grinding 
or post synthetic treatment. Figure 4-13 (a) shows a representative lattice-resolved image 
of FAPbBr3, seen along the along the <100> zone axis (credit to the Electron Microscopy 
Group, Department of Materials Science. The TEM images taken by Dr. Caterina Ducati, 
Stefania Cacovich and Christopher Magazzeni). The strong contrast modulation in the 
image can be interpreted as being associated with lattice distortions.  
 
Moreover, several dislocations are visible (along <100>), one of which is highlighted by 
marking individual atomic planes in Figure 4-13 (b) and (d). Dislocations in halide HOIPs 
were previously observed in MAPbBr3 using low-temperature scanning tunnelling 
microscopy, where the local structural defects were ascribed to the interplay of MA 
positions and Br anions.199 We expect that microstructural defects also contribute to the 
strain field in FAPbBr3. Due to the lack of stability of FAPbBr3 under the electron beam, 
however, we were not able to obtain a full analysis of the dislocation type and density. 
The contribution of dislocations was not modelled in the X-ray peak profile discussed in 
this chapter, since the observed anisotropic characteristic was not altered by annealing 
(as previously discussed) and the Stephens’ model of anisotropic strain broadening 
excludes the effects of microstructural defects. A separate model to quantify the effect of 
dislocations on X-ray peak broadening and to further understand the defect-induced strain 
in HOIPs will be interesting for future studies. 
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Figure 4-13 (a) Bright Field HRTEM image of FAPbBr3 acquired along the <100> zone axis. 
The high magnification images in (b) and (d) show a crystalline region with no visible line defects, 
and one where a dislocation is present (highlighted in (d)). c) and e) show the corresponding 
FFTs.  In the presence of lattice distortions, extra diffraction spots (red arrows) are visible.  
 
4.6 Conclusions and future work 
PXRD profile analysis was used in this study to examine the anisotropic features of 
hybrid lead bromide perovskites in a quantitative manner. Comparative studies on MA- 
and FA-based lead bromide reveal relatively large intrinsic strains in FAPbBr3. 
Synchrotron PXRD was performed on FAPbBr3 to examine its strain field and <100> 
was shown to be the least strained direction. We rationalize the intrinsic strain from the 
perspective of the dynamic off-centering of Pb and Br as well as their interactions with 
the organic cation. These differences contribute to the differences in device performance. 
 
It is shown in this work that HOIPs exhibit a complex relationship between the lattice 
symmetry and the atomic coordinates. One future possibility for the anisotropic strain 
model is to analyse the mixed cation and halide systems. A recent study on MA based 
perovskites showed the partial immobilization of organic cations in mixed halide alloys, 
highlighting the importance of local symmetry breaking.207 With anisotropic strain 
parameters, our proposed methods can be used to investigate the structural effects of 
lattice distortions, since it has been difficult to perform quantitative structural analysis for 
mixed cation and halide perovskites with traditional materials characterisation 
techniques. 
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Chapter 5 Mechanical properties of 
single and double perovskites 
 
In this chapter, the mechanical properties of 
single crystal Pb-based halide perovskites 
and Bi-based double perovskites were 
probed by nanoindentation. The measured 
Young’s moduli (10–20 GPa) and 
hardnesses (0.26 -0.52 GPa) were related to 
the underlying crystal structures in which the 
influences of inorganic bond strengths, 
packing density and hydrogen bonding were 
discussed respectively with the support of 
DFT calculations. The systematic study of the mechanical behaviour allows us to explore 
the effect of compositional engineering on the elastic and plastic response of the halide 
HOIPs. 
 
 
Some of the results in this chapter have been published in: 
• S. Sun, Y. Fang, G. Kieslich, T. J. White and A. K. Cheetham, “Mechanical 
properties of organic-Inorganic halide perovskites, CH3NH3PbX3 (X=I, Br and 
Cl), by nanoindentation”, J. Mater. Chem. A, 2015, 3, 18450-18455. 
• F. Wei, Z. Deng, S. Sun, F. Xie, G. Kieslich, D. M. Evans, M. A. Carpenter, P.D. 
Bristowe, and A. K. Cheetham, “The synthesis, structure and electronic properties 
of a lead-free hybrid inorganic–organic double perovskite (MA)2KBiCl6 (MA= 
methylammonium)”, Mater. Horiz., 2016, 3, 328-332. 
• Z. Deng, F. Wei, S. Sun, G. Kieslich, A. K. Cheetham and P.D. Bristowe, 
“Exploring the properties of lead-free hybrid double perovskites using a combined 
computational-experimental approach”, J. Mater. Chem. A, 2016, 4 12025-12029 
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5.1 Overview 
One of the advantages of the HOIPs compared to their inorganic counterparts is that the 
dynamical and soft nature of the hybrid framework provides further possible applications 
in flexible and wearable functional devices.125,127,208 As a consequence, the mechanical 
stability and deformation behavior of hybrid perovskites are attracting increasing 
attention.124 However, despite the rapid progress in the study of the physical properties 
and electronic structures,21,37,45,209,210 few theoretical and experimental investigations of 
their mechanical properties of lead halide hybird perovskites were reported.  
 
5.1.1 Recent reports on mechanical stability of halide perovskites 
A recent computational study on the fracture of MAPbI3 revealed that it is more 
compressible and ductile than inorganic perovskites, indicating its potential suitability for 
wearable devices.124 Some DFT calculations on MABX3 (B = Pb, Sn and X = I or Br) 
were firstly conducted in 2014.123 Shortly after, we reported the first experimental study 
of the mechanical property measurements on similar compositions MAPbX3 (X = I, Br 
or Cl) and since then, several reports on the mechanical properties of Cs/MA-based lead 
halide were published, revealing Young’s moduli of 10 – 20 GPa.211–213 To the best of 
our knowledge, however, there have not been any systematic studies on the elastic 
properties or deformation behaviour of FA-based halide perovskites.  
 
The measurement of the elastic and plastic responses of hybrid framework materials is 
challenging since high sample quality and novel characterization techniques are 
required.114,117,214,215 Nanoindentation provides a reliable way of probing the anisotropic 
mechanical behaviour since the measured stiffness is strongly dependent on the elastic 
response along the indenter axis and only weakly affected transversely.115 Quantitative 
characterization of the mechanical properties for a range of crystalline hybrid frameworks 
has been made in the last decade employing the nanoindentation technique on single 
crystals. For example, recent work on the formate perovskites with different A-site 
organic cations suggested that the hydrogen-bonding interactions between the protonated 
amine and the formate framework crucially influence the elastic responses.121 
 Chapter 5: Mechanical properties of single and double perovskites 
     
5.1.2 Purpose of the present study 
In this study, we aimed to determine the mechanical properties of the hybrid perovskite 
systems and to understand the effects of compositional engineering on their mechanical 
response. By comparing our results of nanoindentation studies on MAPbX3 (X = I, Br or 
Cl) and FAPbX3 (X = I or Br) single perovskites,
211–213 as well as on (MA)2MBiX6 (M = 
K, Tl or Ag and X = Br or Cl) double perovskites,99–101 we were able to assess the 
mechanical effects of making substitutions on the A, B and X sites. The underlying 
reasoning of the different elastic and plastic responses were rationalised with the support 
from DFT and AIMD calculations. 
 
5.2 Mechanical properties of MAPbX3 (X = I, Br or Cl) 
At the room temperature, MAPbCl3 and MAPbBr3 adapt the cubic space group of 𝑃𝑚3̅𝑚, 
whereas MAPbI3 is tetragonal in the space group of 𝐼4/𝑚𝑐𝑚 . The phase transition 
temperature from tetragonal to cubic is 57 ℃ for MAPbI3. Figure 5-1 shows the typical 
MAPbX3 crystals under the camera of single crystal diffractometer after face indexing.  
 
Figure 5-1 Photographs of representative face-indexed single crystals, (a) MAPbCl3, (b) 
MAPbBr3 and (c) MAPbI3. 
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5.2.1 Elastic and plastic response 
Young’s moduli and hardness values of the MAPbX3 crystals averaged from surface 
penetration depths between 200 nm and 980 nm are presented in Table 5-1. The overall 
results reveal that, at room temperature, the elastic moduli of MAPbX3 (X=I, Br and Cl) 
single crystals vary in the range 10.4 – 19.8 GPa and a general trend of ECl  > EBr > EI is 
observed. In addition, E100 is greater than E110 for the cubic bromide and chloride cases.   
 
Table 5-1 Experimental and theoretical values of the elastic modulus and hardness anisotropy of 
the MAPbX3 (X=I, Br and Cl) perovskites.
* The (100) and (112) planes in a tetragonal lattice are parallel to (110) and (101) planes, respectively, in 
the case of a cubic lattice. 
** Values are obtained as average of more than 10 indents in each indentation experiment and errors are 
the calculated standard deviations. The variations between each measurement include the systematic error 
of the indenter and random errors from sample preparation procedures. 
 
The Young’s moduli were averaged over 10-20 indentations on each crystal  it was 
plotted as a function of indentation depths using the Oliver-Pharr method,146 as shown in 
Figure 5-2 (a). The experimental results were in reasonable agreement with the theoretical 
calculations on the mechanical properties (Table 5-1).123 MAPbI3 showed very good 
consistency with calculations for the tetragonal system. For MAPbBr3, however, although 
the crystals were cubic, the measured Young’s Modulus was closer to the theoretical 
predictions for the tetragonal phase. 
Crystal Orientation Young's Modulus(E) 
(GPa)** 
Theoretical Modulus (E) 
(GPa)123 
Hardness (H) 
(GPa) 
MAPbI3 
Tetragonal 
(100)* 10.4 ± 0.8 Tetragonal: 12.8 
Cubic: 22.2 
0.42 ± 0.04 
(112)* 10.7 ± 0.5 0.46 ± 0.06 
MAPbBr3 
Cubic 
(100) 17.7 ± 0.6 Tetragonal: 15.1 
Cubic: 29.1 
0.31 ± 0.02 
(110) 15.6 ± 0.6 0.26 ± 0.02 
MAPbCl3 
Cubic 
(100) 19.8 ± 0.7 No values reported 0.29 ± 0.02 
(110) 17.4 ± 0.7 0.25 ± 0.02 
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Figure 5-2 (a) Elastic moduli averaged over at least 10 indents on each crystal as a function of the 
indentation depth. (b) Typical load-displacement curves of different facets of MAPbX3 (X = I, Br 
and Cl). Key: MAPbCl3: light and dark green, MAPbBr3: pink and brown, MAPbl3: light and dark 
blue. 
 
Typical load-displacement (P-h) curves illustrates the stress states of MAPbX3 (X = I, Br, 
or Cl) as the indenter penetrates the sample surfaces (Figure 5-2 (b)). The gradient of the 
initial unloading sections of the P-h curves provides an indication of the elastic moduli. 
During unloading, an elastically strained material relaxes back to its original shape; 
however, the presence of the plastic zone leads to a residual impression on the sample 
surface after the load is completely removed.121,216 All the P-h plots, especially MAPbBr3 
and MAPbCl3, exhibit large residual depths from unloading, indicating that significant 
plastic deformation occurred underneath the Berkovich tip. The halide HOIPs may 
therefore potentially be able to facilitate applications in compliant devices that demand 
plastic deformations. MAPbI3, however, show better elastic recovery, indicated by the 
smaller residue displacement after unloading.  
 
The measured mechanical anisotropy within each halide system can be linked to the 
underlying crystal structure. As illustrated in Figure 5-3, along <100> directions of the 
cubic perovskite crystals, the indentation was aligned with the Pb-X-Pb inorganic 
direction, hence there is a strong resistance from the inorganic bonds. When the uniaxial 
pressure pushes along the <110> direction in the cubic system, the indenter moves against 
the face diagonal of the inorganic lattice, which is less rigid and generates more 
displacement, in agreement with the experimental results of lower moduli. Since the 
iodide perovskite is tetragonal at the room temperature, the indented (100) and (112) 
facets are are equivalent to (101) and (110) in a cubic cell. These two facets reveal similar 
values for the Young’s modulus, as shown in Table 5-1. No other facets were found 
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suitable for the nanoindentation experiment. In the tetragonal structure, a tilting of the 
PbI6 octahedra of 16.4° at 293K, as well as a ferroelectric off-centering along the c-axis, 
have been observed.66 The tilting of the octohedra might lead us to expect less anisotropy 
in the Young’s modulus than for the chloride and bromide because the Pb-I-Pb chains are 
no longer linear. Unfortunately, we were unable to observe this effect due to the absence 
of suitable crystal facets. 
Figure 5-3 (a) Idealised representation of the perovskite crystal structure of MAPbX3 (X=I, Br 
and Cl), (b) Illustration of nanoindentation along <100> (yellow arrows) and <110> (green 
arrows) directions in a cubic phase crystal. Grey: lead, purple: halide, blue: MA cation. 
 
In addition to the elastic response, plastic deformation plays an important part in 
understanding the behaviour of materials under stress. Another physical property, 
hardness, which is crucial for any industrial applications that might involve the MAPbX3 
perovskites, was therefore investigated. The hardness results from the combination of 
elastic and plastic deformations taking place in the vicinity of the nanoindenter tip.217 
Based on the Oliver and Pharr method, the hardness value was calculated by dividing the 
applied load (P) by the surface contact area developed under that load (Ac). It can clearly 
be seen in Figure 5-4 that I-based perovskites require a much higher load to achieve the 
same displacement as their Br and Cl counterparts. Rather surprisingly, a trend of HI > 
HBr > HCl has been observed, as shown in Table 5-1, with MAPbBr3 and MAPbCl3 
perovskites showing rather similar values. Since hardness is a measure of the dislocation 
interactions in the plastic zone in response to the induced pressure from the tip, MAPbI3 
perovskites may show a higher hardness as a result of the lower symmetry of the structure. 
Multiple slip systems can be activated simultaneously to accommodate plastic flow for 
high-symmetry cubic crystals, whereas fewer dislocation systems may be active in 
tetragonal systems.114 Similar conclusions on the activation of dislocations were made by 
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Reyes-Martinez et al. in the recent studies of the time-dependent mechanical response of 
Cs- and MA-based halide perovskites.213 The high hardness and low elastic modulus of 
the MAPbI3 perovskites mean that, although it is the least resistant to elastic deformation, 
it is superior to its Br- and Cl-based counterparts in resisting plastic deformation. 
Regarding the hardness anisotropy between different crystallographic orientations of the 
Cl and Br systems, it is less significant than the elastic anisotropy. However, it was 
observed that the facets having higher stiffness also tend to show greater hardness, 
reflecting the stronger bonding along particular crystallographic orientations.  
Figure 5-4 Hardness as a function of the indentation depth (Each curve was obtained from one 
representative crystal). 
 
5.2.2 Effect of X-site halide on mechanical response 
In order to understand the trend in mechanical response in terms of the bonding within 
the different structures, we now discuss three chemical factors that might influence the 
mechanical behaviour of these hybrid perovskites: (i) the Pb-X bond strengths, (ii) the 
packing density, and (iii) hydrogen-bonding between the MA cations and the halide 
anions. The Pb-X chemical bonding is believed to be an important factor in determining 
the physical properties of the lead halides.218 As shown in Figure 5-5 (a),219 the increasing 
Pb-X bond strengths in the sequence EI < EBr < ECl correlates well with the increasing 
Young’s moduli. Secondly, the relative packing densities should also influence the 
mechanical properties, and here we use the Goldschmidt’s tolerance factor 𝑡 =
(𝑟𝐴 + 𝑟𝑋) √2(𝑟𝐵 + 𝑟𝑋)⁄  , where r is the radius of the ion, to reflect the trend in packing 
densities.102,220 The tolerance factors for MAPbX3 (X = I, Br, Cl) are estimated as, I: 0.91, 
Br: 0.93, and Cl: 0.94, respectively.6   
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Figure 5-5 (b) reveals that the packing densities, as represented by the tolerance factors, 
correlate nicely with the Young’s moduli, suggesting that the more densely packed 
structures are more resilient to elastic deformation. Hydrogen-bonding interactions 
between the A-site cation and the framework are known to have a strong influence on the 
mechanical properties of metal-organic formate perovskites,120,121 and recent DFT 
calculations on the orthorhombic phase of MAPbI3 emphasised the effect of the strength 
of the hydrogen-bonding on the octahedral tilting.68 Since it is well known that strong 
hydrogen bonding correlates with greater electronegativity of the acceptor atom, it is not 
surprising to find that the Young’s modulus increases with anion electronegativity in the 
sequence EI < EBr < E Cl (Figure 5-5 (c)).
221  
Figure 5-5 Young’s Modulus as a function of (a) bond Strength219 (b) Tolerance factor6 (c) 
Electronegativity.221 All the three chemical factors point to the same direction, although it is 
challenging to estimate their relative importance (the dotted blue lines are to guide the eye) .
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The trend in the Young’s moduli of the MAPbX3 phases correlates well with all the 
chemical factors that are expected to influence it. At the same time, however, this leads 
to an ambiguity because we are unable to ascertain which of the three factors has the 
greatest effect on the stiffness of the system. Although being distinct, the three factors are 
also to some extent interrelated (for example, they are all influenced by the anion size). 
  
5.3 Mechanical Properties of FAPbX3 (X = I or Br) 
Both FAPbI3 and FAPbBr3 adopt the cubic ABX3 perovskite architecture at room 
temperature with space group  𝑃𝑚3̅𝑚  (Figure 5-6). Initially, the crystal structure of 
FAPbI3 was thought to be trigonal (space group 𝑃3𝑚1
66), but this view was recently 
revised to cubic based on neutron diffraction measurements.172 As discussed in Chapter 
3, the perovskite frameworks consist of corner sharing [PbX6] octahedra, forming a three-
dimensional inorganic network with the organic cation located in the A-site cavities. 
When the symmetry is cubic, the Pb-X-Pb bond angle is 180º. 
 
 
Figure 5-6 Photographs of representative face-indexed single crystals, (a) FAPbBr3, (b) FAPbI3 – 
perovskite (α phase) and (c) FAPbI3 – one dimensional chain (δ phase). 
 
5.3.1 Elastic and plastic response 
The nanoindentation experiments were conducted on the X-ray detectable facets of 
FAPbI3 and FAPbBr3 single crystals up to an indentation depth of 1000 nm, as shown in 
Figure 5-7 (a) and (b). Both FAPbI3 and FAPbBr3 show anisotropy in their stiffness with 
the overall Young’s moduli ranging between 9 GPa and 13 GPa. The perovskite structures 
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are stiffest along the inorganic Pb-X-Pb chains, which are aligned along <100>. Unlike 
our previous findings with the MA analogues, where MAPbBr3 is significantly stiffer 
than MAPbI3, the Young’s moduli and hardnesses of FAPbI3 and FAPbBr3 are not 
significantly different. 
 
Figure 5-7 (a) Young’s moduli of cubic FAPbI3 as a function of indentation depth. Indentations 
were conducted on (100), (110) and (012) facets and these planes are highlighted in blue on the 
unit cells. (b) Young’s moduli of cubic FAPbBr3 as a function of indentation depth with 
indentations conducted on (100), (110) and (111) facets. The Young’s modulus obtained at each 
point is the average of at least 10 individual indents and the standard deviations are shown with 
error bars.
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Figure 5-8 Typical load-displacement curves for (a) cubic FAPbI3 and (b) cubic FAPbBr3. 
Sections of the loading curves are enlarged and presented in the insets. Pop-in events, shown as 
discontinuities in the loading curves (marked using blue and red arrows for FAPbI3 and FAPbBr3 
respectively), are observed in both perovskites, suggesting a series of dislocation nucleation 
events and associated hydrogen bond breaking. Pop-in events are more pronounced in the bromide 
perovskite than in the iodide.  
 
Interestingly, the load–displacement curves for FAPbI3 and FAPbBr3 show 
discontinuities, as illustrated in Figure 5-8. Similar discontinuities (pop-ins) have been 
observed previously in organic-inorganic formate perovskites where they were attributed 
to the breaking of hydrogen bonds.114,118,217 Recently, Reyes-Martinez et al. reported the 
time- and rate-dependent creep behaviour of MA- and Cs-based perovskites.213 They 
credited the first pop-in positions to the onset of dislocation-led plastic deformation 
during the indentation. The observed plastic deformation indicates good ductility in these 
hybrid perovskite systems. Crystallizing in the cubic space group 𝑃𝑚3̅𝑚, both FAPbBr3 
and FAPbI3 are expected to slip most easily on the {110} <111> slip system. This is 
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consistent with our observation that the most frequent and strongest pop-in events are 
seen on the (110) plane (see Figure 5-8 insets). On the other hand, the results of the 
hardness show a less clear trend as the differences between the facets are within the 
standard deviations (see Figure S2, ESI). It is seen in Figure 2 that the more pronounced 
pop-in events occur in FAPbBr3 suggesting that it takes more energy to break the 
hydrogen bonds in the bromide rather than the iodide due to the higher electronegativity 
of the bromine ion. 
 
Figure 5-9 Hardness as a function of indentation depth for (a) cubic FAPbI3 and (b) cubic 
FAPbBr3. 
 
One significant feature observed in cubic FAPbI3 is a change in properties as it undergoes 
a phase transition from a perovskite to a non-perovskite structure. The black cubic phase 
of FAPbI3 is metastable at room temperature and transforms to a yellow hexagonal one-
dimensional chain structure within a few days.66 This hexagonal phase adopts space group 
P63mc and forms chains of face sharing octahedra along [001] with the FA cations located 
between the inorganic chains. Leaving our perovskite crystals at ambient conditions for 
two weeks yielded the hexagonal polymorph with poor crystal quality (see Figure S1, 
ESI). The elastic response measured from the freshly synthesized hexagonal phase 
showed that the inter-chain stiffness is lower than the three-dimensional framework, with 
a Young’s modulus of 8.2 GPa normal to (120) (Figure 5-3). We were unable to make 
measurements along the chain direction. 
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Table 5-2 Mechanical properties of FAPbX3 (X = I, Br). 
 
5.3.2 Effect of A-site cation on mechanical response 
We now consider the effect of the FA cation on mechanical properties. In the literature, 
the influence of the A-site cation is still a topic of discussion with previous reports 
suggesting that the organic molecule in a hybrid perovskite simply acts to balance the 
charge and fill the space inside the 12-fold cavity and contributes little to mechanical 
behavior.213  
 
Table 5-3 Experimental crystal structure and properties of APbX3 (A = MA, FA, X = Br, I). 
 
It is important to mention that the mechanical properties of FAPbI3 are not readily 
compared to those of MAPbI3 due to their different crystallographic symmetries at room 
temperature (Table 5-3). The unit cell of cubic FAPbI3 is larger than that of tetragonal 
MAPbI3 at room temperature, but the Pb-I bond lengths are very similar in both structures. 
From consideration of the Pb-I-Pb bond angles, the octahedral tilting in MAPbI3 is 
Crystal Orientation Young's Modulus (GPa) Hardness (GPa) 
FAPbI3 
Cubic 
(100) 11.8 ± 1.9 0.37 ± 0.10 
(110) 11.3 ± 0.7 0.40 ± 0.05 
(012) 10.2 ± 0.5 0.36 ± 0.03 
FAPbBr3 
Cubic 
 
(100) 12.3 ± 0.8 0.43 ± 0.04 
(110) 11.5 ± 0.4 0.45 ± 0.03 
(111) 9.7 ± 0.8 0.36 ± 0.05 
FAPbI3 
non-perovskite, hexagonal 
(120) 8.2 ± 1.3 0.20 ± 0.02 
 Space group Density (g/cm3) Tolerance Factor6 Pb-X distance 
FAPbBr3 𝑃𝑚3̅𝑚 3.75 1.008 2.998 
MAPbBr3 𝑃𝑚3̅𝑚 3.81170 0.927 2.966170 
MAPbI3 𝐼4/𝑚𝑐𝑚 (𝐼4𝑐𝑚, 𝐹𝑚𝑚𝑚) 4.18170 0.912 3.146 -3.199170 
FAPbI3 𝑃𝑚3̅𝑚 4.09101 0.987 3.178101 
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expected to affect the mechanical properties as the deviation of these angles from 180° in 
MAPbI3 should reduce its stiffness along <100>; however, such tilting also indicates that 
the tetragonal structure at room temperature is more closely packed than its tolerance 
factor reveals.  
 
Since FAPbBr3 and MAPbBr3 both crystalise in the same cubic space group, a direct 
comparison can be made between them. Interestingly, the Young’s moduli of FAPbBr3 
are substantially lower than those of MAPbBr3 along all indentation directions (Table 
5-2). Replacing the MA cation with the larger FA cation increases the lattice parameter 
from the XRD data and hence the average Pb-Br length by about 1% 46 and weakens the 
inorganic framework. The lower Young’s modulus of FAPbBr3 is evidence that the Pb-
Br bond strength is an important factor determining the elastic response of single Pb-
based hybrid perovskites.  
 
Another aspect of the difference between FA- and MA-based perovskites is their 
hydrogen bonding characteristics. One reasonable indicator of the hydrogen bonding 
strength in hydrogen bonded systems is the Y···X interatomic distance,222223 where, in 
our case, Y = N (or C) and X = Br. However, such distances are difficult to measure using 
X-ray diffraction in the present system because of the difference in atomic number 
between Br and N (or C) and the presence of FA cation disorder at room temperature. 
Recent X-ray studies on MAPbBr3 and FAPbBr3 have simply focused on the Pb-Br bond 
lengths and other distortions of the inorganic framework using X-ray pair distribution 
functions (PDFs).192,224,225 Therefore, to further understand the effects of hydrogen 
bonding on the stiffness, we performed AIMD simulations (calculations were done by 
Zeyu Deng) at 300K on both MAPbBr3 and FAPbBr3. The results, presented in terms of 
radial distribution functions (RDFs), are shown in  Figure 5-10, which shows the statistics 
of interatomic distances averaged throughout the calculations. 
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Figure 5-10 Computed radial distribution functions (g(d)) of MAPbBr3 and FAPbBr3 for (a) 
N···Br and (b) C···Br interatomic distances. 
 
Figure 5-10 shows that the 1st peaks corresponding to the closest N···Br interatomic 
distances are at around 3.38 Å and 3.48 Å for MAPbBr3 and FAPbBr3, respectively. 
However, the closest C···Br distances are longer (3.73 Å and 3.68 Å) and slightly larger 
in MAPbBr3 (~ 0.05 Å) than in FAPbBr3, as shown in Figure 5-10 (b). Hydrogen bonding 
depends mainly on the electronegativity of the hydrogen bond donor (C and N here) and 
the electronegativity of N (3.0) is much larger than C (2.5),221 hence the strength of the 
hydrogen bonding interaction in N-H···Br is much greater than in C-H···Br. The N···Br 
distance is a good indicator of the strength of hydrogen bonding and there is a significant 
difference (~0.1 Å) in N···Br between MAPbBr3 and FAPbBr3, suggesting that hydrogen 
bonding in the former is stronger. Previous calculations on MAPbI3 have indicated that 
the MA cation is not located at the centre of the cubic unit cell and molecular translation 
is very important for stabilizing the structure due to the N-H···I hydrogen bonding 
interaction.226 One explanation for the different RDFs could be the different hydrogen 
bonding characteristics in MAPbBr3 and FAPbBr3 originating from the symmetry of the 
organic cation, whereby MA can be displaced from the centre of the 12-fold inorganic 
cage more than FA, since FA has a mirror plane containing the C-H bond direction. In 
addition, the cationic charge is distributed over its entire structure via the π system for 
FAPbBr3. The same effect was seen experimentally in the low temperature iodide 
perovskites, where the N···I distance is longer and the C···I distance is shorter in FAPbI3 
compared to MAPbI3.
187 The weaker hydrogen bonding in FAPbBr3 contributes to its low 
stiffness.  
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5.4 Mechanical properties of double perovskites 
5.4.1 (MA)2KBiCl6 
As the first HOIP double perovskite for photovoltaic applications, (MA)2KBiCl6 has 
attracted considerable attention since the structure was published in 2016.99 In this 3D 
perovskite network, alternating KCl6 and BiCl6 octahedra share corners and form a ReO3-
like framework, with the MA cations filling the A-site cavities. The crystal forms in 
rhombohedral space group 𝑅3̅𝑚  at room temperature, with lattice parameters a = 
7.8372(2) Å and c = 20.9938(7) Å (Figure 5-11). The tolerance factor of 
(MA)2KBiCl6 was estimated to be 0.93, which is well within the range of stable 3D 
perovskite architectures (0.80–1.0).  Due to the size difference between K+ (1.38 Å) and 
Bi3+ (1.03 Å),220 the KCl6 octahedra are slightly distorted with K–Cl bond lengths of 
3.049(2) Å and two octahedral bond angles of 81.67(9)° and 98.33(9)°, while the 
BiCl6 octahedra have a more regular shape with Bi-Cl distances of 2.681(2) Å and bond 
angles of 91.76(10)° and 88.24(10)°. Furthermore, hydrogen bonding is evident in 
(MA)2KBiCl6, with N⋯Cl distance of 3.406(1) Å, shorter than the C⋯Cl distance 
(3.848(2) Å). The corresponding distances for N⋯Cl in orthorhombic (MA)PbCl3 are 
3.273(2) Å, 3.346(2) Å, 3.366(10) Å and 3.421(2) Å, suggesting that hydrogen bonding 
is important for both structures.  
Figure 5-11 (a) Photographs of representative face-indexed single crystal (MA)2KBiCl6. (b) 
Crystal structure of (MA)2KBiCl6, obtained from single crystal X-ray diffraction, viewed along 
a axis, Red: Bi, brown: K, green: Cl, white: C, blue: N. BiCl6 and KCl6 octahedra are shown in 
blue and purple, respectively.99 
 
Nanoindentation was carried out normal to the (001) plane of the single crystals. The 
Young's modulus was found to be 10.50 ± 1.18 GPa and the hardness 0.39 ± 0.07 GPa, 
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averaging the results from an indentation depth of 200 nm to 900 nm (Figure 5-12). 
Unfortunately, we were not able to indent on other facets due to the plate-like crystal 
shapes.  In comparison with the experimental mechanical properties of the lead-based 
perovskites, the Young's modulus of (MA)2KBiCl6 is comparable with that of 
(MA)Pbl3 (E ≈ 11 GPa) and lower than that of (MA)PbCl3 (E ≈ 17–20 GPa). Since the 
crystal structures of (MA)PbCl3 and (MA)2KBiCl6 adopt the same topology and differ 
only in terms of the B-site cations, the greater compliance of (MA)2KBiCl6 can be 
attributed to the weaker K–Cl bonding in comparison with that of Pb–Cl.  
 
Figure 5-12 (a) Young’s modulus and (b) hardness of (MA)2KBiCl6 as a function of indentation 
depth. 
 
In addition, we compared our measured Young’s modulus with the computational results 
from DFT calculations (calculations were done by Zeyu Deng), where single crystal 
stiffness constants (Cij) were calculated from the stress-strain relationship by applying 2 
types of strain: e1 and e3+e4 to the cell (each strain with ±0.5% and ±1% deformation) 
and relaxing the internal degrees of freedom.39 In order to better understand the 
mechanical properties of (MA)2KBiCl6, a 3D directional Young’s modulus and its 
contour plots were calculated by tensorial analysis of the Cij’s and is shown in Figure 
5-13. The directions along Bi-Cl-K bonds have the largest value of the Young’s modulus, 
which is similar to (MA)PbX3 (X = I, Br or Cl).
30 The calculations predict a Young’s 
modulus of 13.07 GPa normal to the (001) facet, which is in reasonable agreement with 
the experimental nanoindentation results.  
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Figure 5-13 (a) Nanoindentation plane (purple) and direction (blue arrow) (b) Calculated 3D 
directional Young’s modulus of (MA)2KBiCl6 and its contour plot on (c) (001) plane (d) (010) 
plane and (e) the plane perpendicular to [100]. Nano-indentation Young’s modulus is shown as 
red dot in (d) and (e) along c-axis compared with DFT results (blue curve). Units shown are in 
GPa. 
 
5.4.2  (MA)2TlBiBr6 
(MA)2TlBiBr6 is isoelectronic with MAPbBr3 and has a direct bandgap of 2.16 eV, which 
is much narrower bandgap than (MA)2KBiCl6.
101 However, despite its interesting 
electronic properties, the severe toxicity of Tl precludes (MA)2TlBiBr6 from being a 
practical alternative to the Pb analogue. (MA)2TlBiBr6 crystallises in cubic space 
group 𝐹𝑚3̅𝑚  (a = 11.762(2) Å) at room temperature, with Tl+ and Bi3+ occupying 
alternating octahedral sites. The MA+ cations are disordered, and the corresponding size 
of the electron density is ∼2.25 Å, similar to the size of MA+ (2.17 Å). The bond length 
of Bi–Br is 2.794(4) Å and that of Tl–Br is 3.087(4) Å, which are comparable with the 
calculated bond lengths of 2.854 Å and 3.145 Å. The Pb–Br bond length is 2.966 Å in the 
previously reported cubic MAPbBr3 (Table 5-3). 
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Figure 5-13 (a) Photographs of representative face-indexed single crystal (MA)2TlBiBr6. (b) 
Crystal structure of (MA)2TlBiBr6, obtained from SCXRD.  BiBr6 and TlBr6 octahedra are shown 
in purple and grey, respectively. C and N are modelled with partial occupancies to show the 
disorder.99 
 
Young's modulus of 12.8 ± 1.9 GPa and hardness of 0.56 ± 0.10 GPa were obtained with 
the indenter tip normal to the (111) facets in a cubic structure (Figure 5-14). DFT 
calculations of (MA)2TlBiBr6 in rhombohedral symmetry shows Young’s modulus of 
11.98 GPa along the equivalent direction normal to (111) in the cubic structure, which is 
in reasonable agreement to the experimental value. 
 
Figure 5-14 (a) Young’s modulus and (b) hardness of (MA)2TlBiBr6 as a function of indentation 
depth. 
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5.4.3 (MA)2AgBiBr6 
(MA)2AgBiBr6 also crystallizes in cubic space group 𝐹𝑚3̅𝑚 at room temperature with a 
lattice parameter a of 11.6370(1) Å. Alternating AgBr6 and BiBr6 octahedra form a 3D 
framework, resulting in a doubled cell compared to the normal hybrid perovskite. The 
Ag–Br bond (2.952(2) Å) is slightly longer than the Bi–Br bond (2.868(2) Å). The 
orientation of the MA cation, which is disordered in 𝐹𝑚3̅𝑚 (Figure 5-15). 
 
 
Figure 5-15 (a) Photographs of representative face-indexed single crystal (MA)2AgBiBr6. (b) 
Crystal structure of (MA)2AgBiBr6 viewed along a-axis from SCXRD. BiBr6 and 
AgBr6 octahedra are shown in purple and orange, respectively. C and N are modelled with partial 
occupancies to show the disorder. 
 
The mechanical properties of (MA)2AgBiBr6 were measured by nanoindentation along 
the normals of the (110) and (111) facets in the cubic space group. The following Young’s 
moduli (E) and hardnesses (H) were found: E110 = 8.4 ± 1.7 GPa, and H110 = 0.47 ± 0.09 
GPa; E111 = 7.9 ± 1.4 GPa, and H111 = 0.55 ± 0.11 GPa. The anisotropy observed here is 
attributed to the different orientations of the inorganic Ag–Br–Bi linkages with respect to 
indentation directions (Figure 5-16). Via comparison of the mechanical properties of 
(MA)2AgBiBr6 with those of the analogous Pb-based phase, MAPbBr3, the 
nanoindentation results on the (110) facets show that (MA)2AgBiBr6 is far more 
compliant than MAPbBr3; In addition, via comparison of (MA)2AgBiBr6 with 
(MA)2TlBiBr6, the Ag phase shows a Young’s modulus lower than that of the Tl-
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containing double perovskite along the same crystallographic orientation, probably 
because of the greater packing density in the thallium phase. 
 
Figure 5-16 (a) Young’s modulus and (b) hardness of (MA)2TlBiBr6 as a function of indentation 
depth. 
 
5.5 Comparison of single and double perovskites 
To further explore the structure-property relationships underlying the observed 
mechanical behaviour, we compare our results with other systems in the broader halide 
HOIP family. Figure 5-17 summarizes the reported mechanical properties of single and 
double hybrid halide perovskites to date. When looking at double perovskites with the 
general formula A2MBiX6 (A = MA, M = a monovalent cation), it is found that replacing 
the B-site ion, Pb2+, with a monovalent cation and a trivalent cation, in this case Bi, 
reduces the overall stiffness. This trend likely originates in the weaker bonds between the 
monovalent ion and the halide, which allow for elastic deformation to occur at relatively 
low stress. A similar phenomenon has been observed in metal organic frameworks, such 
as Zn(Im)2(Im = imidazole), where the stiffness is three times higher than its lithium 
boron analogue, LiB(Im)4.
227 Replacing Zn2+ cations with alternating Li+ and B3+ in 
zeolitic imidazolate frameworks (ZIFs) reduces the elastic modulus from 8–9 GPa for 
Zn(Im)2 to ∼3 GPa for LiB(Im)4. 227 
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Figure 5-17 Young’s moduli of single and double hybrid halide perovskites normal to the {100}, 
{110} and {111} planes, respectively. Comparisons of elastic properties of APbX3 with A2MBiX6 
(A = MA or FA, M = K, Tl or Ag and X = I, Br or I) are shown. For the tetragonal (MAPbI3) and 
rhombohedral (MA2KBiCl6) systems, the equivalent cubic planes are used. All values were 
determined by nanoindentation using the Oliver-Pharr method at room temperature. *Young’s 
moduli were taken from Ref (211) for MAPbX3 and Refs (99–101) for the double perovskites. 
Perovskite compositions were labelled with the atom names, instead of the full chemical formulae 
for presentation purpose. The Cl-, Br- and I-based single perovskites are marked in green, blue 
and purple respectively. All the double perovskites are marked in orange. 
 
Considering the effect of the halide, the general trend for the single perovskites is that the 
stiffness decreases as the electronegativity of the halogen decreases, i.e. from Cl to Br to 
I (green, blue and purple histograms respectively in Figure 5-17). The smaller 
electronegativity causes a reduction in Pb-X bond strengths. Concerning the anisotropy 
of the stiffness, <100> directions in the cubic perovskites are the strongest since they lie 
along the direction of the lead halide bonds Figure 5-18 (a) shows that across the family 
of lead-based single halide perovskites, longer Pb-X bond distances lead to lower 
mechanical stiffness. The approximately linear dependence of Young’s modulus on bond 
distance is not observed in double perovskites, as seen in Figure 5-18 (b) and (c). Clearly 
the presence of both monovalent and trivalent metal cations in the structure disturbs the 
uniformity of the bonding and the elastic response of the double perovskite cannot be 
represented by a single bond distance. 
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Figure 5-18 Young’s moduli of hybrid halide perovskites as a function of metal-halogen bond 
distance at room temperature for lead-based single MA and FA perovskites shown in (a),170 and 
lead-free double MA perovskites in (b) and (c).99–101 Different data points on the same materials 
refer to Young’s moduli along different crystallographic directions. For MAPbI3, which is 
tetragonal,, the shortest Pb – I distance was used.170 Perovskites with different compositions were 
labelled with the atom names instead of the full chemical formulae. The dotted line is to guide the 
eye. 
 
Interestingly, from Figure 5-18 (a), the Young’s modulus of FAPbBr3 is lower than 
expected from its bond strength compared to MAPbBr3. The tolerance factor of FAPbBr3 
is high (1.01), indicating that the structure is on the edge of the stability range for a three-
dimensional perovskite. Recently, FAPbBr3 and MAPbBr3 were reported to undergo a 
phase transition to a body-centred cubic structure (space group 𝐼𝑚3̅) at 0.53 GPa and 0.9 
GPa, respectively, using high pressure X-ray diffraction.170 The lower phase transition 
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pressure for FAPbBr3 further indicates that it is less mechanically stable than its MA 
counterpart under external load. One factor is likely to be the weakness of the hydrogen 
bonding in FAPbBr3, as discussed above. Another factor is that for perovskites with high 
tolerance factors, the accommodation of large cations increases the possibility of local 
octahedral tilting, which reduces their mechanical stability while attempting to maintain 
the overall cubic structure. We should note that a hard sphere model was used in the 
tolerance factor approach, assuming the cations are fully disordered at room temperature. 
The effect of the asymmetric cation shape on the lattice distortions, however, is not 
captured in the tolerance factor calculations. Considering ionic size effects in double 
perovskites, we calculated using DFT the mechanical properties of a range of existing 
and hypothetical hybrid double perovskites in 𝑅3̅𝑚 space group symmetry (calculations 
were done by Zeyu Deng).[15] The results revealed that although most double perovskites 
are most stiff along the inorganic bond direction, for compositions with high tolerance 
factors, directions parallel to the C-N bonds of the MA cation become the stiffest, 
highlighting the role of cationic steric effects  and hydrogen bonding.  
 
5.6 Conclusions and future work 
In summary, systematic studies of mechanical properties of halide HOIPs have been 
addressed in this chapter, including the prototypical MA and FA based lead halide 
perovskites, as well as the non-toxic Bi-based halide double perovskites. Considering the 
effect of the halide on mechanical response, the Young’s moduli of MAPbX3 decreases 
along the series ECl > EBr > EI, as a result of combined influences from the Pb - X bond 
strengths, relative packing density and hydrogen bonding interactions. On the other hand, 
replacing the B-site metal, Pb, with one trivalent and one monovalent cation leads to a 
drop in the stiffness. This is likely due to the weaker bond between the monovalent cation 
and the halide in the perovskite structure.  
 
Despite the hypothesis that larger A-site cations will lead to tighter packing and stiffer 
perovskites, we find that in FAPbBr3 is more compliant than expected. There appears to 
be two main factors contributing to the observed mechanical behavior. Firstly, the effect 
of hydrogen bonding is evident, since more pronounced pop-in events were observed in 
bromide than the iodide perovskites. Our computational study indicates that FAPbBr3 
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exhibits weaker hydrogen bond than MAPbBr3, as the former shows longer N···Br 
distances at room temperature. Secondly, the longer Pb-Br bond length in FAPbBr3 leads 
to a smaller Young’s modulus compared to values for MAPbBr3. Comparing previous 
studies on the mechanical properties of HOIPs with our current work, we find that 
although the bond strength of the inorganic framework is a main factor determining 
stiffness, the size of the organic cations become more important when the perovskites are 
at their limits of structural stability. This steric effect can be qualitatively captured by the 
tolerance factor. In addition, as the organic cations become ordered at lower temperatures, 
the importance of hydrogen bonding on mechanical stability is expected to increase. This 
effect will be interesting to explore in the future.  
 
In the context of solar cell research, a knowledge of mechanical properties is of crucial 
importance and has significant influence on manufacturing processes, the design of the 
cells, and their specific applications. For example, the low hardness of HOIPs is 
interesting for flexible devices, for instance as soft absorption layer in thin film solar cells. 
A direction for further research is therefore to compare the mechanical stabilities of 
HOIPs in the form the bulk single crystals and the polycrystalline thin films. The study 
of the intrinsic mechanical properties of the HOIPs gives a unique insight into underlying 
structure-property relations and contributes to the future design of devices with tailored 
properties. 
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Chapter 6 Beyond the three-dimensional 
perovskites 
 
The research in this chapter explores the structural diversity of HOIPs, aiming to 
searching for more stable and environmentally friendly alternatives to the current 3D 
perovskites, guanidinium (GUA)-based low dimensional lead perovskites were firstly 
discussed in the context of using the tolerance factor as a guideline for materials design. 
The research then focuses on using Bi to replace Pb in hybrid halide perovskites. The 
synthesis, structure and physical properties of a 2D layered perovskite, (NH4)3Bi2I9 and 
its related Bi- based perovskite-like systems are herein presented. 
 
 
Some of the results in this chapter have been published in: 
• S. Sun, S. Tominaka, J. H. Lee, F. Xie, P. D. Bristowe, and A. K. Cheetham. 
"Synthesis, Crystal Structure and Properties of a Perovskite-Related Bismuth 
Phase, (NH4)3Bi2I9." APL Materials, 2016, 4, 031101 
• G. Kieslich, S. Sun and A. K. Cheetham "Solid-state principles applied to 
organic–inorganic perovskites: new tricks for an old dog", Chem. Sci., 2014, 5, 
4712–4715. 
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6.1 Overview 
In spite of the excellent performances of the 3D hybrid lead perovskites in photovoltaic 
applications, their instability such as thermal degradation and moisture sensibility limits 
the use of these materials in devices.228 Low dimensional perovskite-like structures have 
hence attracted increasing attention recently due to their chemical stabilities.108,229 In 
addition, the wide range of perovskite-like architectures allows compositional 
engineering, providing the options of removing the toxic lead in the perovskite 
structures.106 Hence, this chapter is divided into two parts: the choices of A-site cations 
in lead based perovskites are briefly discussed first, and we then focus on lead-free 
systems, in particular, we synthesised perovskite-related structures replacing the B-site 
metal, lead, with the non-toxic bismuth. A range of materials characterization were 
conducted to examine the Bi-based perovskite-related systems for photovoltaic 
applications.  
 
6.2 A-site substitution in lead iodide perovskites 
6.2.1 Tolerance factor for HOIPs 
The ABX3 perovskite architecture allows for many potential atom substitutions in order 
to achieve tailored physical properties.230 As discussed in Chapter 1, one of the geometric 
criteria to form a stable 3D perovskite is that the tolerance factor, t, lies between 0.8 and 
1. Expanding the concept of Goldschmidt’s tolerance factor to the big family of HOIPs, 
however, the major challenges lies in estimating the size of the organic cations. The nature 
of the organic cations, such as the varying bond lengths due to hydrogen-bonding 
interactions, makes it difficult to define its ionic radius. Even highly symmetric cations 
(e.g. [NH4]
+ or [(CH3)4N]
+), exhibit radii which strongly depend upon their anionic 
counterparts.19 In order to choose suitable cations for materials design, we estimated a 
consistent set of effective radii, 𝑟𝑒𝑓𝑓,  of organic ions (Table 6-1), applying the following 
model developed by Dr. Gregor Kieslich from the author’s research group:  
𝑟𝑒𝑓𝑓 = 𝑟𝑚𝑎𝑠𝑠 + 𝑟𝑖𝑜𝑛 
Where 𝑟𝑚𝑎𝑠𝑠 is the distance between the mass centre of the molecule and the atom with 
the largest ionic radius, and 𝑟𝑖𝑜𝑛 is the corresponding ionic radius. Here we should note 
that the tolerance factor, t, is not the only predominant factor considering the formation 
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of a 3D perovskite, since non-geometric factors, such as the bond valence and chemical 
stability, are also important determine the formability or stability of a perovskite 
structure.231  
 
Table 6-1 Calculated effective radii of molecular cations.  
 
6.2.2 Crystal structures of guanidinium lead iodide 
Most current research focus on lead iodide perovskites, as they are presently the holders 
of record conversion efficiencies in photovoltaics.58 Considering the size of A-site cavity 
in a APbI3 crystal, medium-sized cations such as caesium (Cs), MA and FA crystallise in 
3D perovskite forms. Smaller cations, such as ammonium (NH4), give t < 0.8, and larger 
ones, e.g. ethylammonium (C2NH7), have t > 1.0; this leads to the formation of lower 
dimensional architectures.232,233 Using the tolerance factor rule as a guidance, 
hydrazinium and hydroxylammonium have the desirable cation sizes (0.8 < t <1), 
however, we were not able to incorporate them into the structure due to their chemical 
instability.  
 
As an alternative to polar organic cations, the non-polar cation, guanidinium (GUA) 
forms an interesting range of halides. For example, in a recent study, Kanatzidis et al. 
Cation Effective radius (pm) 
1 Ammonium [NH4]+ 148 
2 Hydroxlammonium [H3NOH]+ 208 
3 Methylammonium [CH3NH3]+ 215 
4 Hydrazinium [H3N-NH2]+ 218 
5 Formamidinium [HC(NH2)2]+ 241 
6 Azetidinium [(CH2)3NH2]+ 251 
7 Dimethylammonium [(CH3)2NH2]+ 271 
8 Ethylammonium [(C2H5)NH3]+ 273 
9 Guandiunium [C(NH2)3]+ 276 
10 Tetramethylammonium [(CH3)4N]+ 290 
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reported the structure of guanidinium germanium iodide, GUAGeI3.
84 With a tolerance 
factor as large as 1.202, GUAGeI3 adopts the 1D hexagonal perovskite structure. In 
addition, despite of the high tolerance factor (t >1), hybrid guanidinium tin halides and 
related compounds (A= GUA, B=Sn or Ge and X = Br or Cl ) have been reported as 3D 
perovskite.234 In this case, a stereochemically active lone pair leads to heavily distorted 
structures and hence the concept of tolerance factor does not exactly fit the experiment. 
Considering the GUA-based iodoplumates, despite the computational study on the 
hypothetical 3D perovskite structure of GUAPbI3 reported in  2015,
235 the 3D perovskite 
form of GUAPbI3 exhibits a tolerance factor of 1.035 and experimentally the low 
dimensional structures of GUAPbI3 and (GUA)2PbI4 have been previously reported in the 
powder form.236–238 More recently, due to its potential relevance to perovskite-based 
photovoltaic devices, there have been a few reports on incorporating GUA in the mixed 
cation perovskites as a route to enhanced carrier lifetime and improved stability,239,240 and 
hence a thorough study on the structural characteristics of GUA-based iodoplumates was 
necessary. 
 
As shown in Figure 6-1, we synthesised the single crystals of three GUA-based 
iodoplumates, (GUA)PbI3, (GUA)2PbI4 and (GUA)3PbI5.  The crystals were grown under 
the same experimental conditions as the reported FA- and MA-based perovskites56 and 
the different stoichiometry were obtained by tuning the ratio of GUA and Pb2+ in the 
starting materials. The crystal structures were solved using SCXRD at room temperature 
and the crystallographic data is listed in Table 6-2.   
 
Figure 6-1 Representative single crystal of (a) GUAPbI3, (b) (GUA)2PbI4 and (c) (GUA)3PbI5.   
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Table 6-2 Crystallographic data and refinement of GUAPbI3, (GUA)2PbI4 and (GUA)3PbI5. 
*H positions were not considered in the structural solution due to the difficulty of detecting light H in the 
presence of heavy Pb and I in X-ray diffraction. 
 
Empirical formula* C3I5N9Pb C2I4N6Pb CI3N3Pb 
Formula weight 1021.95 834.97 641.93 
Temperature/K 297.5(5) 293(2) 299.7(6) 
Crystal system monoclinic monoclinic orthorhombic 
Space group C2/c P21/n Pnma 
a/Å 13.0694(5) 9.2440(3) 11.9866(5) 
b/Å 13.1946(5) 26.9511(11) 4.4740(2) 
c/Å 12.7212(5) 12.7155(3) 20.8652(10) 
α/° 90 90 90 
β/° 91.276(4) 91.482(2) 90 
γ/° 90 90 90 
Volume/Å3 2193.18(15) 3166.82(17) 1118.96(9) 
Z 4 8 4 
ρcalcg/cm
3 3.095 3.503 3.81 
μ/mm-1 14.732 18.433 23.293 
F(000) 1784 2880 1072 
Crystal size/mm3 0.17 × 0.09 × 0.06 0.35 × 0.11 × 0.06 0.72 × 0.08× 0.07 
2Θ range /° 4.388 to 56.64 3.542 to 56.848 3.904 to 46.496 
Index ranges 
-17 ≤ h ≤ 11, -11 ≤ k ≤ 17, -16 
≤ l ≤ 14 
-9 ≤ h ≤ 12, -35 ≤ k ≤ 15, -17 ≤ 
l ≤ 13 
-13 ≤ h ≤ 11, -4 ≤ k ≤ 4, -22 ≤ 
l ≤ 23 
Reflections collected 4425 12954 5700 
Independent reflections 
2433 [Rint = 0.0284, Rsigma = 
0.0413] 
6990 [Rint = 0.0212, Rsigma = 
0.0342] 
918 [Rint = 0.0403, Rsigma = 
0.0256] 
Data/restraints/parameters 2433/0/103 6990/1/235 918/0/40 
Goodness-of-fit on F2 1.056 1.186 1.018 
Final R indexes [I>=2σ (I)] R1 = 0.0367, wR2 = 0.0784 R1 = 0.0301, wR2 = 0.0667 R1 = 0.0216, wR2 = 0.0482 
Final R indexes [all data] R1 = 0.0547, wR2 = 0.0868 R1 = 0.0365, wR2 = 0.0687 R1 = 0.0258, wR2 = 0.0500 
Largest diff. peak/hole / e Å-3 1.16/-1.06 2.27/-1.88 0.80/-0.81 
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The yellow, needle-like GUAPbI3 crystallises in an orthorhombic space group, 
𝑃𝑛𝑚𝑎 with lattice parameters a = 11.9987(8) Å, b = 4.4693(4) Å and c = 20.874(2) Å at 
room temperature. The lattice parameters from our SCXRD study are consistent to the 
recent PXRD study by Jodlowski et al.238 The crystal adopts a one-dimensional chain 
structure, within which each Pb2+ ion is coordinated by six I-ions in a distorted octahedral 
environment. The PbI6 octahedra are connected by common edges and arranged into 
double chains along the b-axis and the guanidinium ions fit in the spaces between the 
double chains, as shown in Figure 6-2. This chain-like structure of GUAPbI3 belongs to 
the NH4CdCl3 type and it is isostructural with NH4PbI3
232, the room temperature phases 
(δ phase) of CsPbI3 and RbPbI365 grown by the Bridgman technique.95 
 
  
Figure 6-2 Illustration of the crystal structure of (GUA)PbI3 along (a) a-axis, (b) b-axis and (c) c-
axis, respectively. Key: the grey polyhedra represent the 1D edge sharing PbI6 octahedra, purple 
spheres represent iodide, blue nitrogen and brown carbon. The large ellipsoids of nitrogen show 
the disorder of GUA cation at room temperature. Hydrogen atoms are not represented. 
 
The yellow/orange rectangular shaped (GUA)2PbI4 crystals crystallise in the space group 
𝑃21/𝑛 with lattice parameter of a = 9.2440(3) Å, b = 26.9511(11) Å, c = 12.7155(3) Å 
and β = 91.482(2)°. Our SCXRD data is consistent with the reported lattice parmeteters.236  
As shown in Figure 6-3,  the structure consists of 2D double layers of corner-sharing 
octahedra. GUA cations fill the cavities between two polyhedra within a layer and 
between the layers. The two adjacent polyhedra in the same layer along the a-axis are 
heavily tilted in order to accommodate a GUA ion, with the most distorted Pb-I-Pb angle 
as low as 154.405(19)°. This is an indication that the GUA cation is too large to fit in the 
perovskite cage, and this is consistent with the theoretical prediction using our tolerance 
factor approach. The concept of extending the Goldschmidt tolerance factor to HOIPs and 
the calculation method to estimate the size of organic cations are reliable here and the 
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lone pair effects to produce a distorted 3D perovskite are not as dominant as the size factor 
in this case, unlike in Sn and Ge based guanidinium perovskites in the previous 
discussion.  
 
  
Figure 6-3 Illustration of the crystal structure of (GUA)2PbI4 along (a) a-axis, (b) b-axis and (c) 
c-axis, respectively. Key: the grey polyhedra represent the 2D corner sharing PbI6 octahedra, 
purple spheres represent iodide, blue nitrogen and brown carbon. The large ellipsoids of nitrogen 
represent the disorder of GUA cation at room temperature. Hydrogen atoms are not represented. 
 
The yellow crystals of (GUA)3PbI5 are in monoclinic space group 𝐶2/𝑐  with lattice 
parameters of a = 13.0694(5) Å, b = 13.1946(5) Å, c = 12.7212(5) Å and β = 91.276(4)° 
at room temperature. This composition and crystal structure were not previously reported. 
In this structure, the PbI53− network of corner sharing octahedra forms 1D chains 
extending along the c-axis. The octahedra are relatively less distorted, with Pb-I bond 
lengths ranging from 3.2123(6) to 3.2505(2) Å and the bridging Pb-I-Pb angle of two 
adjacent octahedra is 156.13(3)°. Our  synthesised (GUA)3PbI5 crystals have the same 
inorganic connectivity to the reported FA3 PbI5  in the space group 𝑃21/𝑐,
241,242
 the latter 
also exhibited 1D chain character with corner sharing octahedra. 
 
 
 
Figure 6-4 Illustration of the crystal structure of (GUA)3PbI5 along (a) a-axis, (b) b-axis and (c) 
c-axis, respectively. Key: the grey polyhedra represent the 1D corner sharing PbI6 octahedra, 
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purple spheres represent iodide, blue nitrogen and brown carbon. The large ellipsoids of nitrogen 
represent the disorder of GUA cation at room temperature. Hydrogen atoms are not represented. 
 
The choice of A cation affects the dimensionality of the structure. Under the same 
synthetic conditions, with a size increase from 241pm (FA) to 276 pm (GUA), 3D lead 
iodide perovskites were not obtained. The example of A-site substitution using GUA 
demonstrates the structural diversity of the HOIP family. However, as shown in Figure 
6-1, the yellow colours of the GUA-based low dimensional perovskites indicate relatively 
large bandgaps (2.3 eV for GUAPbI3
238) and hence their potential in photovoltaic 
applications are limited. The investigation of the eluminescence properties of these low 
dimensional materials is interesting for future studies. 
 
6.3 B-site substitution and lead-free systems 
6.3.1 Recent reports on Bi-based perovskite-related systems 
In order to remove the toxicity in perovskite devices, Snaith et al. and Kanatzidis et al. 
recently reported the replacement of Pb by other Group IV metals, specifically Sn83,243 
and Ge.84 However, the preferred oxidation states of Sn4+ and Ge4+ reduce the stability of 
these perovskite structures in air. Beyond the Group IV metals, our attention is drawn to 
the possibility of using bismuth as an alternative to lead in perovskite architectures. 
Bismuth is used in medicine, where it is available in tablet form to treat upset stomachs, 
heartburn, nausea and diarrhea.244 However, the conventional hybrid perovskites have the 
formula ABX3 (where A is a monovalent amine cation, B is a divalent metal and X is a 
halide ion) and hence it is challenging to accommodate Bi3+ instead of Pb2+ at the B site. 
When replacing PbI2 by BiI3 with the same synthesis condition as MAPbI3, we obtained 
methylammonium bismuth iodide, MA3Bi2I9, which is a 0D dimer at room temperature 
(see Appendix Figure-A 5) and the structure is isostructural with (CN3H6)3Sb2I9, 
(CN3H6)3Bi2I9,
245 as well as Cs3Bi2I9.
246 This structure type is also known in Sb-based 
compounds, such as (NH4)3Sb2I9
247
 and Rb3/Cs3Sb2I9,
248 and Mitzi et al. characterized 
Cs3Sb2I9 thin-films
249 and reported their potential for photovoltaic applications. In 
addition, MA3Bi2I9 has recently been made into solar cell devices and achieved efficiency 
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of over 1%,85 and alkaline metal based bismuth iodides, A3Bi2I9 (A = K, Rb and Cs) were 
studied in the context of photovoltaic applications for the first time in 2016. 250 
 
6.3.2 (NH4)3Bi2I9 
The applications of the recent wide band-gap layered perovskite materials encouraged us 
to explore layered perovskites with the ABX4 structure where, in this case, A is a 
monovalent cation, B is a trivalent metal, e.g. Bi and X is a monovalent halide.251 In 
attempts to synthesise a layered structure isostructural to NH4FeF4,
252 a 2D perovskite-
related phase, (NH4)3Bi2I9 was obtained, which is isostructural to hexagonal 
Rb3Bi2I9.
250,253 This perovskite-like structure was characterized and its potential as a 
photovoltaic material was examined by band structure analysis and conductivity 
measurements.  
 
 Crystal structure 
A dark red bismuth phase, (NH4)3Bi2I9, with a 2D layered perovskite-like architecture was 
synthesised in solution under the similar experimental conditions as MAPbI3 (see Chapter 
2 for experimental details).  (NH4)3Bi2I9 crystallises in the monoclinic space group P21/n 
with lattice parameters a = 14.6095(4) Å, b = 8.1427(3) Å, c = 20.9094(5) Å and β = 
90.917(2)°. A summary of the crystal structure information is shown in Table 6-3. (CCDC 
deposition number 1434984). 
 
The framework of (NH4)3Bi2I9 consists of bismuth iodide layers stacked in a closed-
packed fashion, forming hexagonal layers in the ab plane, as shown in Figure 6-5 (a) and 
(c). Each Bi3+ atom is coordinated by six I- ions in a distorted octahedral environment, as 
shown in Figure 6-5 (d), with Bi –I bond distances ranging from 2.93 Å to 3.27 Å. The 
BiI6 octahedra are corner sharing and there are Bi atoms filling two-thirds of the available 
BiI6 octahedra cavities. As seen in Figure 6-5 (b), the structure of (NH4)3Bi2I9 is hence 
related to the conventional 3D perovskites, as it is the structure obtained after removing 
every third octahedral layer along the <111> direction of a cubic ABX3 perovskite.  
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Table 6-3 Crystallographic data and refinement of (NH4)3Bi2I9. 
*H positions were not considered in the structural solution due to the difficulty of detecting light H in the 
presence of heavy Bi and I in X-ray diffraction. 
 
Empirical formula Bi2I9N3
* 
Formula weight 1602.09 
Temperature/K 300.00(14) 
Crystal system monoclinic 
Space group P21/n 
a/Å 14.6095(4) 
b/Å 8.1427(3) 
c/Å 20.9094(5) 
α/° 90 
β/° 90.917(2) 
γ/° 90 
Volume/Å3 2487.06(12) 
Z 4 
ρcalcg/cm
3 4.279 
μ/mm-1 25.288 
F(000) 2656 
Crystal size/mm3 0.2023 × 0.1729 × 0.1098 
Radiation MoKα (λ = 0.71073) 
2Θ range for data collection/° 3.376 to 54.202 
Index ranges -18 ≤ h ≤ 9, -10 ≤ k ≤ 8, -26 ≤ l ≤ 24 
Reflections collected 10639 
Independent reflections 5325 [Rint = 0.0253, Rsigma = 0.0441] 
Data/restraints/parameters 5325/0/129 
Goodness-of-fit on F2 1.001 
Final R indexes [I>=2σ (I)] R1 = 0.0362, wR2 = 0.0710 
Final R indexes [all data] R1 = 0.0653, wR2 = 0.0823 
Largest diff. peak/hole / e Å-3 1.13/-0.93 
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Figure 6-5 Crystal structure of the (NH4)3Bi2l9 phase along (a) a-axis, (b) b-axis and (c) c-axis. 
Black lines mark the unit cell edges. (d) Two corner sharing BiI6 octahedra. The silver, purple 
and blue spheres represent bismuth ions, iodine ions and nitrogen atoms in NH4 ions respectively. 
(e) photograph of a representative single crystal of (NH4)3Bi2l9. 
                                                                                                                                      
 Phase stability 
CHN analysis was performed to confirm the elemental composition; observed: H: 
0.80wt%, N: 2.5wt%; calc: H: 0.75wt%, N: 2.6wt%. The bulk phase purity was confirmed 
by PXRD (Figure 6-6). 
Figure 6-6 PXRD pattern of experimental and simulated (NH4)3Bi2I9 phase. 
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Unlike Cs3Sb2I9, which forms both 0D dimer and 2D layered polymorphs,
249 our VT 
SCXRD studies on (NH4)3Bi2I9 reveal no evidence of a phase transition and the layered 
structure was stable across the temperature range 120 K to 380 K (Figure 6-7).  
Figure 6-7 Change in unit cell volume as a function of temperature from 120 K to 380 K. 
 
The change of lattice parameters as a function of temperature is shown in Figure 6-8 and 
coefficients of thermal expansion of (NH4)3Bi2I9 (along a, b, c axis and volumetric) over 
120 K - 380 K (10-5/K) were calculated: αa = 4.6, αb = 5.6, αc = 2.1, αv = 12.5. The small 
thermal expansion along the c direction is because that the inorganic layers are 
perpendicular to c-axis. 
Figure 6-8 Change in lattice parameters as a function of temperature from 120 K to 380 K. 
 
To examine the thermal stability of (NH4)3Bi2I9, TGA analysis was performed with 6.31 
mg of the sample on a platinum pan. The sample was heated at a rate of 10 °C min-1 up 
to 800 °C, with significant weight loss being observed from around 240 °C. 
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Figure 6-9 TGA curve of (NH4)3Bi2I9 under a continuous nitrogen flow. 
 
 Band gap determination 
The optical characterization of (NH4)3Bi2I9 was performed on a PerkinElmer Lambda 750 
UV-visible spectrometer and the measurements were repeated with several sample 
rotations of 45° by Fei Xie. The band gap of the powder sample was measured to be 2.04 
eV, (Figure 6-10), and this is lower than the band gap of the 0D dimer bismuth phase 
MA3Bi2I9,
11 which is 2.11 eV (see Appendix Figure-A 5). The band gap of layered 
(NH4)3Bi2I9 is also lower than the 3D perovskite, MAPbBr3, which was reported with a 
band gap around 2.20 eV.57  
 
Figure 6-10 (a) Normalized absorption spectrum and (b) Tauc plot with band gap calculated, 
showing a direct band gap. The measurements were repeated with sample rotations to confirm 
consistency. 
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 DFT calculations 
The calculated lattice parameters obtained at 0 K were a = 14.6094 Å, b = 8.1617 Å, c = 
20.8595 Å, and β = 90.61o, in good agreement with our experimental values. The DFT 
calculations were performed by Dr. Jung-Hoon Lee in the author’s department. In this 
structure, the hydrogen-bond interactions play a key role in stabilising the layered 
architecture. Namely, hydrogen-bonds provide links between the BiI6 octahedra and 
thereby stabilize the whole structure (Figure 6-11). 
 
 
Figure 6-11 (a) Optimized geometry of the layered (NH4)3Bi2I9 structure; the dotted lines indicate 
hydrogen-bonds between I and H and N and H atoms. (b) Band structures along the k vectors of 
the high symmetry line of the first Brillouin zone. (c) Partial density of states indicating the Bi s, 
Bi p, I p, and N p orbitals. 
 
As shown in Figure 6-11 (b), the computed band gap of (NH4)3Bi2I9 is 1.46 eV and it has 
a direct band gap (note the band gaps calculated by DFT method are typically smaller 
than the experimental values). DFT calculations show relatively flat valence and 
conduction bands, which we ascribe to the heavy effective masses of the electrons and 
holes. Figure 6-11 (c) shows the orbital-resolved partial density of states (PDOS) for the 
Bi s, Bi p, I p, and N p orbitals. The two prominent features of the PDOS are: (i) weak 
overlap between the Bi 6s orbital PDOS and the I 5p orbital PDOS for energies between 
-0.5 and 0 eV below the valence-band edge, and (ii) overlap between the Bi 6p orbital 
PDOS and the I 5p orbital PDOS for energies between 1.5 and 3 eV above the conduction-
band edge. These orbital levels can be further visualized in real space using isosurface 
plots of the computed partial-charge density (PCD) of the highest band below the valence-
band edge and the lowest band above the conduction-band edge. Figure 6-12 shows that 
the highest occupied molecular orbital (HOMO) is mainly composed of Bi 6s – I 5p 
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antibonding states, and the lowest unoccupied molecular orbital (LUMO) is mainly 
composed of Bi 6p – I 5p antibonding states. Interestingly, the HOMOs clearly reveal the 
stereo-active Bi 6s lone-pair orbitals, as shown in Figure 6-12 (a). Because of these lone-
pair electrons, the Bi ions are displaced with respect to the centers of the BiI6 octahedra.
11 
Both the sharp increase near the observed absorption edge and the DFT prediction support 
the direct band gap of (NH4)3Bi2I9.  
 
  
Figure 6-12 Isosurface plots of the PCD of (a) the HOMOs and (b) the LUMOs of layered 
(NH4)3Bi2I9. The colour saturation levels are between 0 (blue) and 0.0008 e/Å3 (red). 
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 Conductivity 
In order to further examine the potential of (NH4)3Bi2I9 as a photovoltaic material, 
measurements of its conductivity were performed by Dr. Satoshi Tominaka. Several 
crystals were tested, and we confirmed that they are, at least intrinsically, insulating, 
judging by the high resistivity, which is > 3.1 x 108 Ωm, at 20°C measured along a 
diagonal line of a hexagonal plate (ab plane), 35 μm thick and 178 μm wide, mounted on 
a 20 μm gap (over the detection limit of 1 TΩ as found in previous works163,164). 
Considering the fact that closely related structures have similar band gaps to our 
compound and can work as the absorption layer for photovoltaics, these compounds 
might be extrinsically conductive. In fact, the AC impedance data for the powder sample 
shows a low resistivity of 0.42 Ωm (20°C) without phase shifts below 10 kHz (Figure 
6-13), indicating electrical conduction (not ionic). Since the powder resistivity is very 
low, we tried to measure temperature-dependent conductivities in order to estimate the 
activation energy for the conduction. However, the resistivity increased after the 
measurements, up to 1.5 Ωm at 20°C (note the value mentioned above is around the 
lowest value), and thus we consider that the conductivity is unstable. Following these 
measurements, we found by using an electrometer that the conductivity is not from the 
bulk red material but from shiny black material on the surface. We therefore speculate 
that surface defects act as carriers, though further details on the origin of the conductivity 
are still under investigation. 
Figure 6-13 AC impedance data for the pellet sample of (NH4)3Bi2I9 (20°C). 
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6.4 Conclusions and future work 
The structural diversity of  perovskite and perovskite-like architectures allows a wide 
range of possible compositions with tailored physical properties.106 As more attention is 
focused on lead-free, perovskite-related structures, a range of new hybrid compositions 
with framework dimensions spanning 0D to 3D are being studied. In this chapter, the 
dimensionality of perovskites was firstly discussed using tolerance factor as a guideline. 
The formation of the low dimensional perovskites with GUA filling in the A-site shows 
that to obtain 3D lead iodide perovskites, the size of the cation is limited to smaller than 
276 pm.  
 
To remove the toxic Pb in the structure, a dark red bismuth phase, (NH4)3Bi2I9, with a 2D 
layered perovskite-like architecture was synthesised in solution and characterised by X-
ray diffraction. DFT calculations were in good agreement with the experimental X-ray 
diffraction results and also revealed the locations of the hydrogen atoms. The calculations 
also point to a significant lone pair effect on the bismuth ion. The band gap of the material 
was measured to be 2.04 eV (compared with 1.42 eV in the DFT calculation). The results 
of single crystal conductivity measurements suggest that the bulk material is insulating, 
but that pellets made from powders show good conductivity due to surface effects from 
making the pellets. For future studies, X-ray photoelectron spectroscopy and thin film 
fabrications are required to provide a better understanding of the application of this 
bismuth based perovskite family in photovoltaic devices. 
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Chapter 7 Conclusions and outlook 
Throughout the course of the present study, metal halide HOIPs continued to 
revolutionise the field of new generation photovoltaic devices. Started with an efficiency 
of 3.8% reported in 2009,1 this number soon soared to 15% employing the star HOIP, 
MAPbI3, in 2013 (when this research started),
254 attributed to the remarkable device 
designs and thin-film optimisations. Since then, increasing attentions were drawn to 
materials chemistry, for example, FA perovskites was firstly introduced as a bandgap 
tuner in 201429 and crystal structures as well as cation orientations of MAPbI3 and FAPbI3 
were revised by neutron diffraction in 2015.67,172 Such intensive researches in the 
materials science field allowed tailored property designs and the current record holding 
efficiency is 23.6% employing silicon-perovskites tandem cells, with perovskite 
composition of (Cs0.17FA0.83Pb(Br0.17I0.83)3 (CsFA)) (February 2017).  
 
7.1 Summary 
 
With the aim of improving the stability and reducing the toxicity of HOIPs for 
photovoltaic applications, the research described in this thesis built the understanding of 
two main areas, namely 1) structure-property relationships of halide HOIPs, and 2) in 
search for alternatives to MAPbI3.  
 
Crystal chemistry of FAPbI3 and FAPbBr3 was firstly studied in this thesis to explore the 
materials’ responses to external stimuli of temperature and pressure. A cubic to tetragonal 
phase transitions on cooling was observed and preferred orientations of the FA cations at 
low temperatures were detected with N-N axis aligning parallel to <110> in 𝑃4/𝑚𝑏𝑚. 
Similar phase transition was also seen in FAPbI3 under hydrostatic pressure. Following 
the observations of octahedral tilting and cation dynamics, in this thesis the anisotropic 
strain broadening for lead bromide perovskites were described, providing a systematic 
way to quantify lattice distortions. The intrinsic strains in cubic bromide perovskites were 
anisotropic, with <100> being the least strained direction. In additional to the structural 
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anisotropy due to local symmetry breaking, the mechanical anisotropy in HOIPs was also 
examined in the present study, with the highest Young’s modulus were detected along the 
directions of Pb – X bonds (<100> in cubic). The robustness and ductility of HOIPs are 
also reflected in its static mechanical properties, making them promising candidates in 
deformable technologies, such as flexible photovoltaic devices, sensors, and displays. In 
additional to the known Pb-based perovskite, it is also shown in this thesis that the 
approach of replacing Pb with Bi marked a promising way to achieve non-toxic 
alternatives to MAPbI3. The synthesized (NH4)3Bi2I9 phase exhibited a 2D perovskite 
structure with band gap of 2.0 eV and thermal stability up to 230 °C. The analogue of 
A3Bi2I9 (A = a monovalent cation) together with the double perovskites approach shed 
light on the search for more stable and eco-friendly HOIP materials for use in photovoltaic 
devices. 
 
In a broader context, in additional to the advances in device design, there has been an 
increasing interest in the materials chemistry and intrinsic properties of HOIP materials. 
The research in this thesis highlights the interplay between their inorganic frameworks 
and the organic cations and hence have enhanced our understanding of the great chemical 
flexibility and structural diversity of this class of materials. It is shown in the present 
study that the unique physical properties of HOIPs are greatly influenced by the soft and 
dynamic nature of their frameworks. For lead halide perovskites, Pb – X bonds are strong 
but the Pb – X – Pb bridging angles are more flexible and hence octahedral tilting is 
common to accommodate the organic cations. Tiling angle of upto ~ 8° were measured 
at 120 K for FAPbI3. This dynamic nature allowed high defect tolerance to lattice 
distortions, bringing the opportunities of mixed alloying and exploiting the “self-healing” 
plastic characteristics in wearable devices. In addition, the importance of the organic 
cation in HOIPs was sometimes neglected in previous studies, since it doesn’t directly 
contribute to the band structures. However, the present study emphasises that the cation 
size, dynamics as well as hydrogen bonding conditions also contributes to the materials 
properties in many ways. For instance, the steric effect and rotational disorder of the 
cation can alter the intrinsic strain field, break the symmetry and tunes the band gaps.  
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7.2 Future perspectives 
The outcomes of this thesis suggest research in the following areas for further 
investigations. Regarding the studies on the crystal chemistry, low temperature chemistry 
for FAPbX3 can be further examined using neutron diffraction and explore the phases 
with ordered FA cations. Together with the displacement in Pb positions, this study is 
expected to shed light on designing ferroelectric semiconductors from a crystallographic 
point of view. In addition, the anisotropic strain model developed in this thesis can be 
applied a range of HOIP systems to quantify the lattice distortions and anisotropic strains. 
In particular, it can be applied to examine the peak profile at the foreset of phase 
transitions and for mixed cation or halide perovskite systems, investigations on the effects 
of compositions on the strain fields can be studied. 
 
In addition, according to the reported flexibly and plasticity in the mechanical responses 
of HOIPs in this study, wearable and flexible photovoltaic devices can be manufactured 
and their performances can be studied. Furthermore, thin films technology using layered 
perovskites of Bi and double perovskites can also be developed for eco-friendly solar 
cells using the materials discussed in this work. The challenge of reducing the band gaps 
of the current double perovskites can be approached by doping iodide into the systems. 
 
The structures and properties, as well as the chemical diversity of the halide HOIPs 
discussed in this thesis contribute to the materials design for achieving more stable. 
flexible and non-toxic perovskite photovoltaic devices. Designing materials with distinct 
physical properties tailored to their functionalities is the overall goal for future studies. 
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Appendix 
 
 
 
Figure-A 1 Instrumental broadening (integral breadth) using measured with LaB6 on the Bruker 
D8 diffractometer as described in Chapter 2. 
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Figure-A 2 X-ray diffraction patterns along [001] of FAPbI3 at 300 K. The collected experimental 
pattern (left) is consistent with the simulated pattern using JEMS image simulation software 
(right) after structural solutions in the space group of Pm3̅m. 
 
 
Figure-A 3 The structure of FAPbI3 at 250 K was solved in 𝑰𝒎?̅? (a = b = c = 12.6895(8) A), Rwp 
= 5.62%), and X-ray patterns are shown along [001]. The collected experimental pattern (left) 
(20
0) 
 162   
reveals systematic absences along (hh0) where h is odd (highlighted in rectangle). However, 
reflections are expected at these positions in the simulated patterns using JEMS (right). 
 
 
Figure-A 4 Experimental and simulated X-ray diffraction patterns of [(NH2)2CH]PbI3 at 250 K 
along [001] in P4/mbm. The collected experimental patterns (left) are consistent with the 
simulated patterns using JEMS (right) respectively after structural solutions in 𝑷𝟒/𝒎𝒃𝒎. Most 
reflections from different components of the twins overlap, however, the intensities of the 
reflections are influenced by the intensities of different twinning components. 
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Figure-A 5 (a) Photograph of a typical single crystal MA3Bi2I9 with face indexing using SCXRD. 
(b)The dimer structure of MA3Bi2I9, with the crystal structure showing the face sharing polyhedra. 
Silver, purple, blue and grey spheres represent bismuth, iodine, carbon and nitrogen atoms 
respectively.  (c) The absorption spectrum and (d) Tauc relation plotted using reflectance data on 
a powder sample of MA3Bi2I9. The sample was rotated 90° to ensure accuracy and the average 
was used to calculate the band gap. 
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Table-A 1 Details of change in lattice parameters of a representative FAPbI3 single crystal in the 
temperature range of 240 K – 280 K. 
 
Table-A 2 Anisotropic strain parameters refined by Topas at 290 K. 
Anisotropic strain 
parameters at 290 K 
S400 S220 Mhkl 
771(169) 21150(1582) 6009559 
 
plane Cal Mhkl Cal 2θ°* 
Cal 
FWHM* Obs 2θ° Obs FIHM 
001 771 7.71 0.0069 7.89 0.0292 
011 22693 10.92 0.0265 11.17 0.0495 
111 65765 13.38 0.0369 13.70 0.0414 
002 12340 15.46 0.0139 15.83 0.0348 
021 97712 17.28 0.0351 17.72 0.0563 
211 204235 18.95 0.0464 19.42 0.0689 
022 363085 21.93 0.0538 22.47 0.0789 
221 533058 23.26 0.0616 23.85 0.0785 
031 253595 24.54 0.0404 25.16 0.0620 
222 1052234 26.94 0.0755 27.61 0.1012 
032 836222 28.05 0.0648 28.76 0.0897 
321 1111947 29.13 0.0722 29.88 0.0956 
004 197439 31.20 0.0461 31.99 0.0286 
* The calculated angles were deduced from the calculated d spacings output from Topas. The calculated 
peak profile was obtained by applying the anisotropic strain parameters on the Lorentzian peak shape and 
only sample broadening was considered, without taking into account the instrumental effects. 
 
Temperature (K) a(Å) c (Å) Unit Cell Volume (Å3) 
1 240 8.9584(4) 6.3360(2) 508.49(17) 
3 260 9.0099(9) 6.3803(4) 517.95(8) 
4 280 6.3692(2)  258.376(14) 
5 300 6.3722(2) 
 
258.748(12) 
